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Deletion mutations in mitochondrial DNA (mtDNA) play a causal role in the 
degeneration of skeletal muscle fibers and neurons associated with aging and 
in neuromuscular diseases. Analyses of DNA sequences near deletion 
breakpoints have implicated sequence motifs such as direct repeats (DRs) and 
stem-loops (SLs) in the deletion formation. Frequent observation of DRs 
flanking the breakpoints has been considered as a direct evidence for mtDNA 
misalignment-dependent mechanism without a rigorous theoretical analysis, 
despite well-established understanding of DNA hybridization that drives the 
misalignment process. In this thesis, I employed a computational approach 
using genome sequence analysis and statistical and thermodynamics-based 
modeling to understand the role of sequence motifs and DNA misalignments 
in mtDNA deletion mutagenesis.  
In the first part after providing a brief introduction to mitochondrial DNA 
maintenance processes and the existing hypotheses of mtDNA deletion 
mutagenesis, I examined the statistical significance of the association between 
DR/SL motifs and mtDNA deletions using a meta-analysis of age-related 
deletion breakpoints from human, rhesus monkey, mouse and rat. The analysis 
indicated that in human and rhesus monkey but not in mouse and rat, the 
average distance observed between a reported mtDNA breakpoint and its 
nearest DR motif was significantly smaller than what was expected by random 
chance. The results also suggested the existence of a selection pressure against 
long DRs (> 11bp) in human and rhesus monkey.  
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In the second part, I focused on identifying the key attributes of mtDNA 
sequence that influenced the occurrence of mutagenic DR motif in mtDNA, a 
topic which has not been rigorously explored in the literature. Specifically, I 
performed a comparative analysis of the influence of global and sequence-
specific attributes of mtDNA on the total number of DRs in human mtDNA 
using tailored random sequences. The comparative analysis of human mtDNA 
and randomized sequences revealed that the bias in synonymous codon usage 
(SCU) within protein coding genes was the most important determinant of 
mtDNA DR count. This outcome was further confirmed for mtDNA 
sequences of 294 mammals. A further analysis indicated the lack of evidence 
for the existence of association between the number of long DRs in mtDNA 
and the species lifespan, in contrary to the speculation in the second chapter 
and hypotheses from published reports. 
In the last part of the thesis, I developed a theoretical model for analyzing the 
relative contributions of mtDNA misalignment-dependent (MD) and –
independent (MI) mutagenesis in a given dataset of deletion breakpoints based 
on the thermodynamic principles of DNA hybridization. A compendium of 
569 mtDNA deletion breakpoints of human, rhesus monkey, mouse and rat 
were compiled from the literature, comprising 8 different clinical conditions. 
The model analysis showed that most, if not all, age-related mtDNA deletions 
in human, rhesus monkey and mouse arose by misalignment-dependent 
process involving short sequences of ≤ 8bp (predominantly around 4 bp). 
Analysis also indicated existence of clinical condition specific differences in 
human mtDNA deletions and provided novel insights on the deletion pathways 
in human and animal models.   
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Chapter 1: Introduction 
 
Mitochondria are intracellular organelles involved in many important cellular 
processes such as oxidative phosphorylation (OXPHOS), calcium signaling, 
apoptosis and metabolism [1-4]. Mitochondria harbor their own genome, 
mitochondrial DNA (mtDNA), which encodes for several OXPHOS proteins. 
Deletion mutations in mitochondrial DNA have been associated with 
mitochondrial dysfunction and considered as one of the major reasons behind 
aging-associated functional decline of organs and neuromuscular diseases [5-
8]. Unfortunately, the molecular events involved in the deletion formation are 
still imprecisely known, hindering the formulation of effective therapies 
against such mutations. The purpose of this chapter is to provide (1) an 
introduction to mitochondrial DNA and the related maintenance processes, (2) 
a survey of the existing hypotheses on the formation of mtDNA deletion 
mutations and (3) the outline of the present thesis. 
1.1. Mitochondria 
The eukaryotic cell consists of two major compartments, the nucleus and the 
cytoplasm. Mitochondrion is a cylindrical organelle in the cytoplasm, 
measuring about 0.5 – 10 micrometers in length (Figure 1.1).  A cell can 
harbor many mitochondria, the number of which depends on the cell type [9]. 
The mitochondrial population in a cell exists as a large interconnected 
reticulum due to constant inter-mitochondrial fusion and fission [10]. 
Mitochondria occupy a considerable cytoplasmic volume and act as a center 
for many cellular processes such as apoptosis, calcium signaling, citric acid 
cycle and fatty acid oxidation and thermogenesis [2-4, 11].  However, the 
2 
 
primary function of mitochondria is the synthesis of ATP molecules through 
the OXPHOS process.  
 
Figure 1.1. Mitchondria  
Structure and function of mitochondrion. Figure reproduced from [1]. 
1.2. Mitochondrial DNA 
Mitochondrial DNA is a compact double-stranded circular molecule. On the 
basis of their density, one of the mtDNA strands is referred to as the light 
strand (L-strand) and the other as the heavy strand (H-strand).  Human 
mtDNA is 16569 bp long, comprising genes for 13 OXPHOS proteins, 22 
transfer RNAs and 2 ribosomal RNAs, and a non-coding region (NCR) 
(Figure 1.2) [12]. The locations of the 37 genes and the NCR are conserved in 
mtDNA among all mammals [13].  The NCR serves as the main regulatory 
region of mtDNA replication and transcription initiation. Furthermore, the 
NCR contains a short triple-stranded structure resulting from a replication fork 
arrest, which is referred to as the D-loop (i.e. displacement loop). There exist 
two origins of replication in mtDNA, one for H-strand synthesis (OH) and 
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another for L-strand synthesis (OL) [14]. The OH and OL divide the mtDNA 
into two regions, namely the minor arc and the major arc (Figure 1.2).  
 
Figure 1.2. Mitochondrial DNA  
Arrangement of genes and non-coding regions in human mtDNA. 
 
1.3. Mitochondrial DNA Replication 
Mitochondrial DNA molecules along with mitochondria are continuously 
turned over, independent of the cell cycle [15]. New mtDNA molecules are 
synthesized to balance their removal by (mitochondrial) autophagy. During 
replication, an existing mtDNA molecule is used as a template to produce a 
new mtDNA copy. The template mtDNA is called the parental mtDNA and 
the newly synthesized mtDNA is called the daughter mtDNA [14]. The 
replication process begins from specific positions in the parental strand, 
referred to as the origin of replication and ends at the replication termination 
sites. During a replication event, there exists a chance for an error to occur, 
leading to a new mutation. While the precise mechanism of mtDNA 
replication has not been fully elucidated, three hypotheses have been 
proposed, namely (1) the strand displacement model [14], (2) the strand 
4 
 
coupled model [16] and (3) the RNA incorporation throughout the lagging 
strand (RITOLS) model [17].   
1.3.1. Strand Displacement Model 
The strand displacement model, originally published in 1982, is the oldest 
among the three aforementioned hypotheses [14]. The model was proposed 
based on the analysis of mtDNA replication intermediate structures by 
electron microscopy and of replication process by radiolabeling studies [18, 
19]. According to this model (Figure 1.3a), the mtDNA replication process 
begins with the synthesis of the daughter H-strand, starting from the origin of 
replication OH in the NCR region, using the parental L-strand as the template.  
 
Figure 1.3. Proposed models of mtDNA replication  
Key events in the mtDNA replication according to (1) the strand displacement model, 
(2) the strand coupled model and (3) the RITOLS model. The figure is drawn based 




In this case, the daughter H-strand is also called the leading strand. As the 
daughter H-strand synthesis continues, the parental H-strand is displaced and 
exists in a single stranded state.  After roughly 70% of daughter H-strand 
synthesis, the origin of replication OL becomes exposed and the synthesis of 
the daughter L-strand thus begins using the parental H-strand as the template. 
Here, the daughter L-strand is aptly referred to as the lagging strand. The 
replication proceeds unidirectionally and continuously in both strands 
resulting in two mtDNA molecules. Therefore, the two key features of the 
model are that the parental H-strand temporarily becomes single-stranded and 
that the replication of the heavy and light strands occurs in an asynchronous 
manner. The strand displacement model of replication is different from the 
established bidirectional and discontinuous mode of replication observed in 
nuclear DNA.  
1.3.2. Strand Coupled Model  
In the strand coupled model (Figure 1.3b), mtDNA replication resembles the 
conventional nuclear DNA replication mechanism, in which the leading strand 
is synthesized continuously while the lagging strand is synthesized 
discontinuously as Okazaki fragments [16]. This model was proposed based 
on the identification of (1) fully duplex DNA replication intermediates [16] 
and (2) a wider replication origin zone downstream of NCR [21]. However, 
subsequent reports from the research group that proposed this model, 
suggested a major involvement of RNA molecules during mtDNA replication, 
resulting in a revision of the hypothesis (i.e. the RITOLS model)  [17].  
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1.3.3. RITOLS Model 
The duplex DNA replication intermediate supporting the strand coupled 
model, has in fact been suspected to be matured replication products [12]. 
According to the RITOLS model (Figure 1.3c), mtDNA replication proceeds 
as described by the strand displacement model with one key difference. Here, 
the parental H-strand is bound by RNA molecules during the synthesis of the 
leading strand. The RNA molecules are subsequently replaced by or converted 
to DNA when the lagging strand is synthesized. The RITOLS model is based 
on the identification of mtDNA replication intermediates as RNA-DNA 
duplexes. In this model, the RNA molecules may bind either as multiple 
disjointed short segments or as a continuous long RNA molecule to the 
parental H-strand. The latter scenario is also called the Bootlace model [22]. 
In summary, there exists no consensus yet on the mechanism of mtDNA 
replication. Current experimental evidence could not precisely confirm the 
mechanism of replication, and hence further experiments capable of 
delineating the existing models are necessary [12, 23-25]. Nevertheless, the 
strand displacement model has been used as the basis for a few hypotheses of 
mtDNA deletion mutagenesis (see Section 1.7.1). 
1.4. Mitochondrial DNA Repair 
Common DNA damages in mtDNA include alkylation and oxidation of 
nucleotide bases, base mismatches, inter-strand cross links, single-strand 
breaks (SSB), and double-strand breaks (DSB) [26]. Mitochondria possess 
several DNA repair pathways including base excision repair, mismatch repair 
and recombination-based repair, for handling different types of DNA damages 
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[27].  Damages to mtDNA strands can potentially be repaired, unless the 
damage results in a mutation. DSBs are the predominant form of damage 
associated with mtDNA deletions, because errors during the repair of DSBs 
can result in deletion mutations [12, 28].  
In bacteria and eukaryotes, DSBs are usually repaired by DNA recombination 
[28]. Several mechanisms of recombination for DSB repair in nuclear DNA 
have been previously characterized in the literature, including homologous 
recombination (HR), single strand annealing (SSA), micro-homology 
mediated end joining (MMEJ), and nonhomologous end joining (NHEJ) [27-
30]. The recombination processes HR, SSA and MMEJ require a second copy 
of identical DNA sequence. The difference among these three mechanisms is 
the size of the identical sequences: > 100 bp for HR, > 30 bp for SSA and 5-25 
bp for MMEJ [27-30]. On the other hand, NHEJ has been suggested to require 
small or no sequence identity for repairing DSBs. Among the aforementioned 
recombination mechanisms, SSA, MMEJ and NHEJ are more error-prone than 
HR, and thus more likely to produce a deletion mutation [27, 28].   
Mammalian mitochondrial extracts have been reported to possess HR and 
DNA end joining activities in vitro [31, 32]. In addition, artificial induction of 
DSBs in transgenic mice has further demonstrated the presence of intra- and 
inter-molecular recombination in mitochondria [29, 30, 33]. As these evidence 
are obtained in vitro or in transgenic conditions, the capacity of mtDNA DSB 
repair under normal in vivo conditions still remains poorly characterized. 
Because of the importance of DNA repair in maintaining mtDNA genomic 
integrity, a better understanding of mtDNA damage and repair mechanisms 
will also improve our understanding of mtDNA mutagenesis. 
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1.5. Mitochondrial DNA Mutations 
Mitochondrial DNA exhibit a higher mutation rate compared to nuclear DNA, 
which has been attributed to (1) reactive oxygen species (ROS) generated 
during the OXPHOS process, (2) continuous replication of mtDNA in non-
dividing cells, and (3) lower DNA repair capability within mitochondria in 
comparison to nucleus [34]. The mitochondrial free radical theory of aging 
implicates the accumulation of mitochondrial DNA mutations as the major 
reason behind the decline in organ function with age [35, 36]. Mutations in 
mtDNA could lead to the production of defective OXPHOS proteins and 
mitochondrial dysfunction [1], and have been associated with multiple 
neuromuscular diseases such as Kearns-Sayre syndrome (KSS), mitochondrial 
encephalomyopathy, lactic acidosis and stroke-like episode (MELAS) [37]. 
However, due to the presence of 100s – 1000s copies of mtDNA in a cell, the 
deleterious consequences of mtDNA mutations only appear when the mutation 
burden exceeds a threshold between 60% and 90% (Figure 1.4) [38, 39].  
The most frequently reported mtDNA mutations include point mutations and 
deletion mutations [40]. Point mutations involve substitutions of a single 
nucleotide in the mtDNA sequence, which occur as a result of replication 
errors due to infidelity of DNA polymerase or oxidative DNA damage [40]. 
On the other hand, deletion mutations involve the removal of a fragment of the 
mtDNA, which can result in truncated or complete loss of genes. There exist 
multiple hypotheses for the formation of mtDNA deletions (see Section 1.7 for 
more detail). Because of the nature of the mutations, deletions are considered 




Figure 1.4. Mutant threshold and respiratory chain dysfunction 
Figure reproduced from [1].  
 
1.6. Deletion Mutations 
Mitochondrial DNA molecules with deletions compete with normal mtDNA 
molecules for cellular transcription machineries and generate abnormal protein 
products [42, 43]. Deletion mutation in human mtDNA was first found in the 
skeletal muscle from a patient with muscular disease (i.e. myopathy) [44]. A 
large number of studies have since reported mtDNA deletions in aged tissues 
from human [45, 46], rhesus monkey [47], mouse [48], rat [49], fruit flies [50] 
and C. elegans (nematode worm) [51]. Mutations in nuclear genes encoding 
for enzymes involved in mtDNA replication have also been reported to cause 
mtDNA deletions [52]. In general, post-mitotic tissues such as brain, skeletal 
muscle and heart exhibit a higher burden of mtDNA deletions with age in 
comparison to mitotic tissues such as liver, kidney and skin [53].  
In aged human, high accumulation of mtDNA molecules with deletions have 
been found in atrophied and split muscle fiber in skeletal muscle and in 
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dysfunctional neurons in substantia nigra [5, 54]. The fraction of skeletal 
muscle fibers with OXPHOS abnormalities due to mtDNA deletions increased 
from 6% at 49 years of age to 31% at 92 years [6]. Based on these 
observations, mtDNA deletions mutations have been suggested to play a 
causal role in aging associated functional decline in post mitotic tissues and 
age-related diseases such as Sarcopenia and Parkinson’s disease [5, 7].  
In addition to aged tissues, mtDNA deletions have also been found in patients 
with mitochondria-related diseases such as KSS [55] and Pearson Syndrome 
(PS) [56]. In fact, mtDNA deletions form the common molecular signature 
among KSS and Pearson Syndrome (PS) patients [8, 28], and are believed to 
be the cause of these diseases. Currently no therapy exists for any mtDNA 
deletion associated diseases.    
A deletion mutation is defined by its left (5’) and right (3’) breakpoint 
positions in the mtDNA L-strand sequence (Figure 1.5). The locations of the 
deletion breakpoints are frequently analyzed to identify any hotspot in the 
mtDNA sequence. The hotspots could be used to infer the underlying deletion 
formation mechanisms. Previous analyses of breakpoint distributions in 
human mtDNA showed that (1) the deletion breakpoints are distributed in a 
non-random manner [57], (2) human mtDNA has two hotspots for deletions, 
one at the position of a 13 bp direct repeat (DR) and another at 16070 bp 
position in the D-loop region [52], and (3) mtDNA deletions involving the 
minor arc region and OL are rare [8].  While the exact reason behind the last 
observation was not clear, the loss of OL due to a deletion could render the 




Figure 1.5. Mitochondrial DNA deletion mutation 
A deletion mutation is represented by the positions of its left and right breakpoints in 
the mtDNA L-strand sequence. 
 
1.7. Mechanisms of Deletion Formation 
Hypotheses on the mechanism of mtDNA deletion formation can be 
categorized into (1) models based on errors during mtDNA replication and (2) 
models based on errors during mtDNA repair. 
1.7.1. Models based on errors during mtDNA replication 
Slip-strand Model 
The slip-strand model is the first detailed mechanism proposed for mtDNA 
deletion mutagenesis. The model mainly derives from a study showing that a 
mtDNA deletion in a human myopathy patient is exactly flanked by a 13 bp 
DR [58]. A DR is a stretch of nucleotide sequence which exists in multiple 
locations in the DNA sequence. According to this model, deletions in mtDNA 
arise due to erroneous annealing (misalignment) between a pair of DRs during 
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mtDNA replication following the strand displacement model (Figure 1.6a). 
Here, the first major event involves the misalignment of an upstream DR1 of 
the single stranded parental H-strand with the downstream DR2 in the parental 
L-strand. Subsequently, a break in the parental H-strand downstream of the 
mis-annealed DR1 occurs, leading to the loss of a mtDNA fragment. Upon the 
completion of the replication process, one of the daughter mtDNA molecules 
harbors a deletion mutation.  
The slip-strand model can explain the experimental observations where (1) the 
DR1 in the H-strand is retained in the deleted molecule, (2) the majority of 
mtDNA deletions are found in the major arc region, and (3) the majority of 
deletions in human mtDNA are flanked by DR motifs [59]. However, the 
model relies heavily on the validity of the strand displacement model of 
mtDNA replication, which is still highly debated [12]. Also, in contrary to the 
slip-strand model, DR2 has been retained in a few reported mtDNA with 
deletion mutations [60]. 
Replication Jumping Model 
The replication jumping model was proposed based on the analysis of mtDNA 
deletion breakpoints in aged mice [48].  According to this model, the 
polymerase complex stutters along the parental DNA strand during replication 
in a region with a base adjunct or bulky modification or single strand break. A 
temporary denaturation near the stalling site may form, which is aided by AT-
richness of mtDNA. Subsequently, the daughter strand could anneal with a 
homologous region in the parental strand downstream of the replication 
stalling site. The resumption of mtDNA replication will then result in a 
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daughter mtDNA molecule with deletion. The model also implicates 
homologous sequences, though not necessarily DRs, near breakpoints in 
deletion mutagenesis. 
 
Figure 1.6. Models of mtDNA deletion formation 
Key events involved in deletion formation according to (1) the slip-strand model, (2) 
the misalignment-dependent DNA repair model and (3) the misalignment-
independent DNA repair model. The figure is drawn based on the original 
publications [58, 59, 61]. 
 
1.7.2. Models based on errors during mtDNA repair 
In this group of models, mtDNA deletions occur during repair of DSBs in 
mtDNA. Multiple factors such as ROS, radiation, single strand breaks and 
replication stalling have been proposed to cause mtDNA DSBs [29]. Deletion 
formation during the repair of DSBs has been supported by experimental 
studies showing that (1) mtDNA DSBs induced by an exposure to ionizing 
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radiation led to mtDNA deletions [62] and (2) induction of DSBs in mouse 
with a transgenic expression of restriction enzymes resulted in mtDNA 
deletions with breakpoints near the mouse D-loop region [29, 30, 33]. 
Krishnan et al. first proposed a detailed model for mtDNA deletion formation 
during DSB repair (Figure 1.6b) [59]. In this model, 3’to 5’ exonuclease 
activity at the vulnerable ends of a DSB produces single stranded mtDNA 
segments. The homologous regions of these segments could misalign, and the 
following DNA ligation would result in a deletion mutation.  
Alternatively, the exonuclease activity could proceed up to the replication 
arrest at position 16070 bp. but not further. The triple strand conformation in 
the D-loop allows easy access for recombination, as the strands are loosely 
hybridized. The subsequent recombination with the other free end of the DSB 
would result in a deletion without requiring homologous sequence 
misalignments. A different model of mtDNA deletion without the involvement 
of homologous sequences has also been proposed [61]. In this case, the 
mtDNA deletion is associated with errors during NHEJ recombination, which 
as described above does not necessitate an annealing between homologous 
regions (Figure 1.6c). Therefore, mtDNA deletion models based on DSB 
repair can explain the observations of deletion mutations with and without 
flanking DR, as well as the existence of a deletion hotspot at 16070 bp 
position in human mtDNA [30, 59, 61].  
1.8. Sequence Motifs 
A sequence motif is a recurring pattern in a DNA sequence with a specific 
biological significance. The presence or absence of a few sequence motifs near 
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the deletion breakpoint has been used to suggest the underlying mechanism of 
deletion formation based on the models described in the previous section. 
Particularly, the following sequence motifs have been implicated in mtDNA 
deletion mutagenesis (1) direct repeats (DR), (2) stem-loops (SL) and (3) 
homopolymeric runs (HP).  
1.8.1. Direct Repeat  
Direct repeats are DNA sequences that exist in multiple copies in the genome 
(Figure 1.7a). DRs are the most frequently observed sequence motifs near 
mtDNA deletion breakpoints, flanking roughly 60-70 % of the breakpoints of 
human mtDNA deletions [55]. The mutagenic attribute of DR is well 
characterized in the literature. As suggested in slip-strand model above, DR 
motifs promote misalignments of DNA and slippage during mtDNA 
replication, resulting in the loss of the intervening DNA sequence [58, 63]. As 
described in Section 1.7.2, DRs have also been hypothesized to induce errors 
in mtDNA DSB repair [55], by facilitating misalignment between exposed 
single stranded regions during mtDNA recombination process [59]. 
Importantly, the longest DR in human mtDNA major arc, which is 13 bp in 
size, has been found to be a hotspot for mtDNA deletion breakpoints [64]. The 
mtDNA deletion precisely flanked by the 13 bp DR has been observed in 
multiple patients, and hence referred to as the common deletion. Similarly, the 
longest DR in the mtDNA major arc region of rhesus monkey and rat have 




Figure 1.7. DNA sequence motifs  
(a) 13 bp direct repeats in human mtDNA (in red), (b) class I and class II mtDNA 
deletions with and without flanking DRs (DRs highlighted in red), (c) stem-loops and 
(d) homopolymeric runs (in blue). Breakpoint positions are indicated by the braces. 
 
Due to the frequent observations of DRs near mtDNA deletion breakpoints, 
mtDNA deletion mutations are usually categorized into two classes based on 
the presence or absence of flanking DR motifs. Deletion mutations with DR 
motifs flanking the two breakpoints are categorized into class I, and those 
without are categorized as class II (Figure 1.7b). Class I and Class II deletions 
are thought to occur by separate mechanisms [55]. While Class I deletions are 
believed to occur by the slip-strand model during replication or the homology 
mediated DNA repair model, Class II deletions have been hypothesized to 




A SL motif (also known as inverted repeats) refers to a stretch of DNA 
sequence which has the ability to fold into hairpin-like structures (Figure 
1.7c). SL motifs are important in the regulation of DNA expression and 
replication. Transfer RNAs (tRNAs) usually exhibit a complex three 
dimensional structures composed of multiple SL motifs, which are necessary 
for their functions. As mammalian mtDNA sequences contain about 22 tRNA 
genes, the associated gene sequences inherently have the potential to form 
hairpin-like structures. SL motifs have the ability to obstruct the passage of 
replication forks, allowing mtDNA replication slippage to occur. A few 
studies have suggested the role of SL in mtDNA deletion mutagenesis, based 
on the enrichment of SLs around mtDNA deletion breakpoints [49, 67-69]. 
However, the statistical significance of the association between SLs and the 
breakpoints has yet to be rigorously evaluated.  
1.8.3. Homopolymeric Run 
A homopolymeric run is a segment of DNA sequence with a single repeated 
nucleotide (Figure 1.7d). HP motifs pose a challenge during DNA replication, 
as such motif could cause a local depletion of a specific nucleotide and stalling 
of the replication fork [70]. Any stalling of mtDNA replication increases the 
likelihood for the occurrence of abnormal DNA rearrangements. HP motifs 
have been found to be 2- to 3-fold over-represented near the breakpoints of 
mtDNA deletions found in patients with mutations in the nuclear gene 
polymerase gamma (POLG) [70]. However, the role of HPs, if any, in mtDNA 
deletion formation in other clinical conditions is not known.  
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1.9. Mutations in Nuclear Genes 
The enzymes that participate in regular mtDNA maintenance processes such 
as replication, transcription and repair are encoded in nuclear DNA. Mutations 
in mitochondria-related nuclear genes, such as Twinkle helicase, 
mitochondrial POLG, thymidine phosphorylase (TP) and adenine nucleotide 
translocator isoform 1 (ANT1), have been identified in patients with 
mitochondrial diseases involving mtDNA deletions. Twinkle is a helicase 
protein for the unwinding of super-coiled mtDNA during replication. In cell 
culture, a mutation in Twinkle led to an elevated mtDNA replication fork 
stalling [71]. Transgenic mice with loss-of-function mutations in Twinkle gene 
harbor mtDNA deletions with breakpoints in the D-loop region [72]. 
Meanwhile, mutations in Twinkle gene have been associated with Progressive 
External Ophthalmoplegia (PEO) in human [72, 73]. In these cases, mtDNA 
deletions have been hypothesized to occur due to mtDNA replication pausing, 
mediated by DSBs, and subsequent recombination with the D-loop.  
Mitochondrial POLG is the major enzyme responsible for mtDNA replication. 
POLG possesses a polymerase domain for DNA synthesis activity and an 
exonuclease domain for proof-reading activity [74]. Transgenic mice with 
proof-reading deficient POLG exhibit prolonged mtDNA replication stalling 
[75], and premature aging phenotype with hyper-accumulation mtDNA point 
mutations and deletions [41, 76]. As mentioned earlier (Section 1.8.3), the 
mtDNA deletions in this case have been attributed to the stalling of mtDNA 
replication involving HPs, followed by a recombination process with the D-
loop region [70]. Like Twinkle mutations, the mtDNA deletion breakpoints 
here are enriched at the 16070 bp position in the D-loop [70].  
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Thymidine phosphorylase (TP) functions in the maintenance of normal levels 
of thymidine (one of the monomers used in synthesis of mtDNA). Loss of 
function mutations in nuclear TP gene affects the balance of the mitochondrial 
nucleotide pools and has been hypothesized to result in impaired mtDNA 
replication leading to mtDNA rearrangements [77]. Artificially perturbing the 
thymidine levels in cell culture resulted in multiple mtDNA deletions, 
supporting the aforementioned relation between the nucleotide pool imbalance 
and the deletion formation [78].  
Adenine nucleotide translocator isoform 1 (ANT1) is a mitochondrial 
membrane protein, regulating the adenine nucleotide concentrations in 
mitochondria. Mutations in the nuclear ANT1 gene have been associated with 
mtDNA deletions and PEO in human [79]. Loss of function mutations in 
ANT1 in transgenic mice lead to multiple mtDNA rearrangements [80]. 
Similar to TP, perturbation to the nucleotide pool is believed as the reason 
behind the mtDNA deletions associated with ANT1 mutations [81].  
1.10. Thesis Outline  
Within the broader scope of mtDNA deletion mutagenesis, the thesis 
specifically focuses on the role of DNA sequence motifs DRs and SLs, and the 
relative importance of DNA misalignments in the formation of mtDNA 
deletions. 
1.10.1. Role of Sequence Motifs in Deletion Formation 
The presence of DRs and SLs near deletion breakpoints have been interpreted 
as evidence to support the causal role of these sequence motifs in mtDNA 
deletion formation [49, 55, 58, 69]. However, the statistical significance of 
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such observations needs to be evaluated, especially considering that direct 
repeat motifs can be readily found in human mtDNA [57]. The close 
proximity of deletion breakpoints to these sequence motifs can therefore occur 
by random chance. In chapter 2, I analyzed the statistical significance of the 
association between DRs, SLs and mtDNA deletion breakpoints in human, 
rhesus monkey, mouse and rat. I also examine the presence of species-specific 
differences in the role of sequence motifs using a meta-analysis of deletion 
breakpoints.  
1.10.2. Origin and Evolution of mtDNA DR Motifs 
Due to the prominent role of mtDNA mutations in the aging process, 
mutagenic sequence properties in mtDNA have been hypothesized to be under 
a selection pressure during mtDNA sequence evolution. The evolution of 
mtDNA has previously been associated with the species lifespan. For instance, 
the nucleotide substitution rate in mtDNA sequence has been shown to be 
inversely related to the maximum lifespan of the animals [82]. Additionally, 
comparative analyses have suggested that long-lived animals exhibit a lower 
rate of generation of endogenous damage and a higher resistance against 
oxidative damage in comparison to short-lived animals [83].  
On similar lines, due to their mutagenic properties, long DRs in mtDNA have 
also been hypothesized to be under a lifespan-dependent selection pressure. In 
two separate studies, the frequency of occurrences of long DR in mtDNA 
molecules has been linked to the longevity (i.e. lifespan) of the organisms [84, 
85]. A study using a compendium of 61 mammalian mtDNA reported that 
long-lived mammals had fewer long DRs (length ≥ 12 bp) in their mtDNA. As 
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longer DRs have higher thermal stability and thus are more mutagenic than 
shorter DRs, the observation above has led to the hypothesis that the number 
of long DRs in mtDNA impose a constraint on the mammalian lifespan [85]. 
Similarly, the second study reported a negative correlation between the total 
DR mutagenicity scores of mtDNA (calculated using the number of DRs ≥ 10 
bp) and the species lifespans among 65 mammals, suggesting that natural 
selection in long-lived mammals might favor fewer long DRs in mtDNA [84].  
Moreover, the factors that determine the frequency of occurrence of DRs in 
mtDNA remain vaguely understood. Understanding the nature of forces acting 
on such factors will help in ascertaining the presence and nature of any 
selection pressure on mtDNA DR motifs. In chapter 3, I examined the 
influence of global and gene-specific attributes in mtDNA on DR counts, to 
identify the key factor that determines the observed DR frequency in mtDNA. 
The key factor(s) would be subsequently utilized to gain insights on the 
presence of selection pressure on DR during mtDNA evolution.   
1.10.3. Theoretical Analysis of DNA Misalignments in mtDNA 
A number of models have been proposed for mtDNA deletion formation as 
summarized in Section 1.7. These models can be broadly categorized on the 
basis of the involvement of a DNA misalignment step (mediated by 
homologous sequences). For example, the slip-strand model, replication 
jumping model and homology dependent DSB repair model require a 
misalignment or erroneous binding event during the deletion formation. 
Although the misalignment is a common step in these models, it is still 
uncertain whether these misalignments are mediated by individual DR motifs 
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or by lengthy homologous sequences.  A previous analysis using 50 bp long 
sequences surrounding the deletion breakpoints in myopathy patients has 
indicated a significantly higher sequence identity surrounding the breakpoints 
than any random pair of 50bp segments in mtDNA [28]. Another study has 
further shown that the distribution of mtDNA deletion breakpoints correlated 
with the thermal stability of 100 bp duplexes (i.e. higher the duplex stability, 
higher is the probability of finding a deletion breakpoint) [86]. These 
observations support the involvement of long and stable DNA misalignments 
in the mtDNA deletion formation. As mentioned earlier, a considerable 
fraction of mtDNA deletion breakpoints have also been reported to be devoid 
of any identical sequences. Currently, the relative contribution of 
misalignment-dependent (MD) and –independent (MI) mechanisms to the 
overall observed deletions as well as the existence of clinical condition- and 
species-specific differences remain unclear.  
In the fourth chapter of this thesis, I formulated a probabilistic mixture model 
based on DNA hybridization thermodynamics. DNA misalignments 
hypothesized in mtDNA deletion formation are basically DNA-DNA 
hybridization events. Such hybridization reactions have been extensively 
analyzed theoretically and experimentally [87, 88]. Using this model together 
with a literature compiled dataset of mtDNA deletion breakpoints, I estimated 
(1) the fractions MD and MI deletions in a dataset of mtDNA deletions and (2) 
the major sequence length involved in misalignments associated with 






Chapter 2: Role of Sequence Motifs in mtDNA 
Deletions 1 
 
2.1. Introduction  
Earlier studies have reported that a majority of deletion mutations in human 
mtDNA are either exactly or proximately flanked by DRs [57, 60, 89]. These 
observations have been interpreted as evidence to support the role of DRs in 
stabilizing mtDNA misalignments during mtDNA replication or repair that 
can lead to deletion formation according to models presented in chapter 1[59]. 
In addition to DR motifs, SL motifs have also been reported near the deletion 
breakpoints in human and rat mtDNA [49, 69], but their involvement in the 
deletion formation is not completely understood.  However, the statistical 
significance of such observations has not been previously evaluated and 
considering that direct repeat motifs can be readily found in human mtDNA 
[57], the close proximity of deletion breakpoints to these sequence motifs can 
occur by random chance. Moreover, some of the observed breakpoints are not 
near any sequence motifs at all. Whether these motifs (DRs and SLs) are 
actually involved in the deletion process and whether there is any species-
specific differences in the role of such motifs, is a question that demands a 
more careful evaluation. 
                                                          
1 Contents of this chapter were published in:  
Lakshmanan LN, Gruber J, Halliwell B, & Gunawan R (2012) Role of direct 




In this chapter I have analyzed the mitochondrial genomes from human (Homo 
sapiens), rhesus monkey (Macaca mulatta), mouse (Mus musculus) and rat 
(Rattus norvegicus) for DR and SL motifs and compared them with randomly 
generated DNA sequences to investigate the existence of species specific or 
evolutionarily conserved pattern for these sequence motifs in mtDNA. 
Subsequently, for each species, using a set of reported age-associated mtDNA 
breakpoints, I explored the relationship between sequence motifs and 
breakpoint distributions to elucidate the role of these motifs in deletion 
mutagenesis. The probability of finding these sequence motifs near 
breakpoints purely by chance was also evaluated in each species by comparing 
the distribution of experimentally reported deletion breakpoints with a large 
set of randomly reshuffled breakpoints. During reshuffling, breakpoints were 
randomly placed while preserving the same total number and deleted lengths 
as those from the reported deletions. Using these data, I also addressed any 
likely differences in the mtDNA deletion mutagenesis between short-living 
and long-living species. 
2.2. Materials and Methods 
2.2.1. Mitochondrial DNA and Random DNA Sequences 
The mitochondrial DNA (mtDNA) sequences used in this thesis were obtained 
from the National Centre for Biotechnology Information (NCBI) database. 
The reference numbers and other information regarding the mitochondrial 
genomes of human and the three other model organisms used in this chapter 
are given in Table 2.1. Rhesus monkey, mouse and rat were chosen on the 
basis that these three species were among the frequently used mammalian 
model organisms in the studies on mtDNA deletions and aging, and a 
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sufficiently large number of aging associated deletions have been reported. 
Random R1 sequences (n = 100) were generated for each native mtDNA with 
the same length and nucleotide base composition as the respective mtDNA, 
using randseq subroutine available from the Bioinformatics toolbox in 
MATLAB. In the same manner, random R2 sequences (n = 100) were 
generated with the same length as each native mtDNA, but with equal 
proportions of the four nucleotides (i.e. 25% each). 




L-strand regions used for 
DR scan 
H-strand regions 
used for SL motif 
prediction (5’ – 
3’) Minor arc Major arc 
Homo sapiens 
(human) 
NC_012920 577 – 5890 5905 - 16023 545 – 10665 
Macaca mulatta 
(rhesus monkey) 
NC_005943 536 – 5680 5714 – 16014 549 – 10851 
Mus musculus 
(mouse) 
NC_005089 1 – 5159 5192 – 15422 876 – 11108 
Rattus norvegicus 
(rat) 
X14848 1 – 5139 5171 - 15403 896 – 11130 
 
2.2.2. Analysis of Direct Repeats in Mitochondrial Genomes 
The minor and major arc regions of mtDNA L-strand of each species were 
separately scanned for the presence of DRs of length longer than 6 bp. Smaller 
DRs (≤ 5 bp) were not considered in the study as (1) they were too large in 
number, resulting in overcrowding of distribution plots (affecting the clarity of 
the results), and importantly (2) a large majority of these DRs have a positive 
DNA duplex free energy (i.e. they do not readily hybridize). For each 
identified DR pair, the size and positions of the left (5’) and right (3’) repeats 
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were recorded. Subsequently, the histograms of the left and right DRs were 
generated using 17 bins of size 1000 bp, i.e. 1-1000, 1001-2000, and so on. 
This binning scheme was used throughout the study. Direct repeat pairs which 
encompass L-strand origin or D-loop were not included in the study.  The 
analysis of random sequences was also separated into major and minor arc (for 
direct repeat scanning) using same L-origin and D-loop positions as the 
respective native mtDNA. The list of DRs (≥ 6 bp) included overlapping 
repeats, i.e. shorter repeats within longer repeats and partially overlapping 
repeats. However, accounting only non-overlapping DR gave the same 
conclusion with DRs distributed throughout the minor and major arcs of 
mtDNA in all four species (results not shown).  
The hybrid-min program from the UNAFold package was used with the 
default parameter settings in the calculations of the free energy of 
hybridization between the 5’ – 3’repeat sequences and its reverse complement 
[90].  
2.2.3. Analysis of Stem-loop Motifs in Mitochondrial Genomes 
The DNA folding algorithm hybrid-ss-min from UNAFold package [90] was 
used with the default parameter settings to predict the minimum energy folded 
structure of the entire single stranded H-strand from the end of D-loop till the 
beginning of L-strand origin of replication in each mtDNA.  In this case, the 
folding calculation was done separately for every consecutive 1000 bp regions 
of the H-strand. However, there was no difference in the predicted stem-loop 
structures when compared to the folding calculation using the entire H-strand 
region from the end of D-loop until the beginning of L-strand origin of 
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replication. The percentage of nucleotides involved in double-stranded stems 
and the number of reported breakpoints which are found in the stem regions 
were counted using the predicted minimum free energy structure. For R1 
sequences, the H-strands were derived from the L-strand random sequences 
and then the same folding calculations as above were performed.  
2.2.4. Analysis of Deletion Breakpoints 
Aging associated deletion breakpoints in mitochondrial genomes 
Breakpoint positions of aging associated mtDNA deletions were collected 
from the literature (see Tables A.1 – A.4 in Appendix A). In this study, I 
considered only aging associated mtDNA deletions (deletions from myopathy 
patients and other clinical conditions were not included in this study) that 
occurred within the major arc, as the numbers of deletions in the minor arcs 
were much smaller. Identical deletions had been reported in different research 
articles, e.g. the common deletion, and here such deletions were counted only 
once.  In addition, two or more deletions with left and right breakpoints within 
5 bp from each other, for example deletion1: 8469 – 13447 and deletion2: 
8468-13445, were again counted once. In this manner, a set of non-redundant 
deletions were compiled for each species. The distributions of left and right 
breakpoints were created by histograms with the same binning scheme as that 
for the DRs.  The error-bars represented the standard deviations, which were 
calculated by the following formula (assuming a binomial probability 
distribution for each bin):  1 ,p p n  where n is the total number of (left or 
right) breakpoints and p is the frequency of breakpoints in an individual bin. 
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Calculation of average distance between breakpoints and the nearest DR 
For each deletion, the nearest DR pair was one with the minimum total 
distance to the left and right breakpoints. In the analysis, I used the average 
distance, i.e. the total distance divided by two, as the DR proximity value.  
Reshuffled Deletions 
The reshuffling of mtDNA deletions was done by randomly placing the left 
breakpoint of non-redundant deletions with equal probability in the feasible 
region of the major arc (such that the deletion still stays within the major arc). 
In total, 100 sets of randomly reshuffled deletions were generated.  
2.3. Results  
2.3.1. Abundance, Distribution and Stability of DR Motifs  
The analysis of all four mtDNA sequences revealed an abundance of DRs of 
various sizes in the mitochondrial genome, where roughly 80% of the DRs 
resided in the major arc. As expected from simple probability, the DR 
frequencies generally decreased exponentially with DR size (Figure 2.1A). 
The maximum size of DR observed was 13 bp in human, 15 bp in rhesus 
monkey and mouse, and 16 bp in rat mtDNA. In comparison to random 
sequences of the same length and with the same base composition (R1 
sequences, n =100), the mtDNA of human, rhesus monkey, mouse and rat 
possessed relatively higher DR counts for every DR size ≥ 6 bp (z-test, p ≤ 
0.0061; Figure A.1 in Appendix A), except for large DRs of size ≥ 11 bp and 
≥ 14 bp in the case of human and monkey, respectively (p ≥ 0.073). Random 
DNA sequences with equal proportions of each of the four nucleotides (R2 
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sequences) had lower DR frequencies than either native mtDNA for each DR 
size ≥ 6 bp (z-test, p ≤ 0.0057) or R1 sequences (two sample t-test, p ≤ 
0.0015). The only exception was the 13 bp DR (p = 0.4467) in human 
mtDNA. By comparing the DR frequency distribution across species (Figure 
2.1A), I noted a trend toward fewer large DRs (>11bp) with the longer 
lifespan of the organisms, which was consistent with an earlier study showing 
that the frequencies of long DRs (>10bp) were inversely correlated with the 
lifespan of the organisms [85].  In particular, the frequencies of the longest 
DRs in human were lower than those in mouse or rat, beyond what was 
expected from frequency differences between random R1 sequences from each 
respective organism (p < 0.01; see Figures A.2 - A.4 in Appendix A). 
 
Figure 2.1. Analysis of direct repeat (DR) motifs in mitochondrial genomes. 
Abundance, distribution and free energy of DRs in mtDNA and random DNA 
sequences (n=100) with the same base composition (R1) as corresponding mtDNA. 
(A) Frequency of DR pairs (≥ 6 bp) in the mtDNA of human, rhesus monkey, mouse 
and rat. The DR frequency is normalized with respect to the mtDNA length in each 
species. (B) The distribution of left and right DR sequences in the minor and major 
arcs of human mtDNA and the mean distribution of DRs in R1 random sequences. 
(C) DR sizes and DR free energies in human mtDNA and the corresponding R1 
random sequences. The lower the free energy of a DR, i.e. the more negative, the 
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more stable is the DNA duplex formed. (D) Distribution of free energies of DNA 
duplex formed by DRs (≥ 6 bp) in native mtDNA and random sequences (R1) of 
human, rhesus monkey, mouse and rat.  
 
The probability of finding a left (5’) DR had a peak at the beginning of the 
major arc sequences, and this was expected since the chance of finding an 
identical repeat sequence depended on the length of the remaining sequence 
downstream of this putative repeat. Correspondingly, the probability of 
finding a right (3’) DR was high near the D-loop region. There was no obvious 
difference between the distribution of DRs in native mtDNA and random R1 
sequences in any of the four species, indicating a random pattern of 
distribution of DR motifs in the mitochondrial genomes (Figure 2.1B for 
human; Figure A.5 in Appendix A for rhesus monkey, mouse and rat). 
Misalignments between DRs during mtDNA replication or repair have been 
implicated in mtDNA deletions [59]. To investigate the stability of such 
putative misalignments, I calculated the free energies of DNA duplexes 
formed by each DR [90]. The Gibb’s free energy of hybridization is sequence 
specific and is an inherent property of any DNA sequence.  In the four 
mtDNA, the free energies for all DRs of size ≥ 6 bp ranged between -4 to -88 
kJ/mol (or -1 to -21 kcal/mol). Generally, I observed a linear relationship 
between the size of DR and the free energy, i.e. the longer the DR, the lower 
was the free energy and the more stable was the DNA duplex (Figure 2.1C for 
human; Figure A.6 in Appendix A for rhesus monkey, mouse and rat). The 
distribution of the free energies in mtDNA was skewed due to the existence of 
a large number of short and less stable DRs. Again, the distribution and 
median free energies in native mtDNA differed little from those in random R1 
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sequences in any four species (Figure 2.1D). The 13 bp DR in human mtDNA 
had a lower free energy than the average of random R1 sequences but the 
deviation was not statistically significant (z-test, p = 0.083). 
 
Figure 2.2. Stem-loop (SL) motifs in human mitochondrial genome. 
Abundance and distribution of predicted SL motifs in single-stranded human mtDNA 
H-strand major arc.  The positions 545 to 10665 correspond to the H-strand sequence 
from the end of D-loop till the beginning of L-strand origin of replication 
respectively. The minimum free energy folded structure is depicted in circular form. 
 
2.3.2. Stem-loop Motifs in Mitochondrial Genomes 
It has been suggested that the major arc of the heavy-strand (H-strand) of 
mtDNA may temporarily exist in a single stranded form during mtDNA 
replication (following the strand displacement model in chapter 1), and that in 
this state, DNA misalignment can occur, possibly leading to deletion mutation 
[14, 58]. Stem-loop structures may stabilize the single-stranded H-strand and 
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thus increase the chance for such misalignment. On the other hand, these 
motifs could also prevent DNA hybridization, thereby protecting the mtDNA 
from strand misalignment. Thus, the role of SLs in mtDNA deletion 
mutagenesis is ambiguous.  
Similar to the DRs, the analysis of all four major arc H-strands revealed a 
large number of SL structures (Figure 2.2 for human; Figures A.7 - A.9 in 
Appendix A for rhesus monkey, mouse and rat), where more than one third of 
the nucleotides in the major arcs could form stems (Table 2.2). The 
comparison between the analysis of SL motifs in the native mtDNA and R1 
(n=5) showed that SLs were equally abundant in native and random sequences 
in human, mouse and rat (two sided t-test, p ≥ 0.0317), but not in rhesus 
monkey (p = 0.0001). In addition, there was no specific pattern of distribution 
that could be discerned for the mtDNA SL motifs from the four species. Thus, 
these findings suggest that SL motifs may not be an important evolutionary 
factor in mtDNA.  
Table 2.2. Abundance of stem-loop motifs in mtDNA and random DNA 
sequences. 
Species 
Percentage of major arc forming stems 
mtDNA 
Random DNA Two sided t-test 
(R1; n = 5) p – value 
Human 37.05 38.38 ± 0.91 0.0317 
Rhesus Monkey 34.77 38.04 ± 0.51 0.0001 
Mouse 37.97 39.15 ± 1.27 0.1052 




2.3.3. Age Associated mtDNA Deletion Breakpoint Spectra  
Because of the abundance of DR and SL motifs in mtDNA and the similarity 
between the distribution of DRs and SLs in native and in random sequences, 
one might argue that the proximity of mtDNA deletion breakpoints to any of 
these motifs could simply be random occurrences. To establish a causal role, if 
any, of these motifs in deletion formation, I first compared the distribution of 
sequence motifs with the distribution of unique, experimentally determined 
deletion breakpoints.  
I compiled 354 distinct, age-associated mtDNA deletions that had previously 
been observed experimentally in human (n = 140), rhesus monkey (n = 34), 
mouse (n = 62) and rat (n = 118), from the literature (see Tables A.1 – A.4 in 
Appendix A). Data on the distribution of deletion breakpoints in human 
mtDNA had been reported earlier [57] and the results were in good agreement 
with this result. In general, the left breakpoints of the reported deletions 
crowded near the beginning of the major arc and the right breakpoints were 
localized near the D-loop region (see Figure 2.3).  
Comparison of the breakpoint positions with the distribution of DRs in the 
four mammals revealed that the peaks of the breakpoint distributions 
colocalized with the mtDNA regions of high DR frequency. However such 
colocalization alone was not sufficient to prove the involvement of DR in the 
deletion formation, as the same observation was obtained if randomly 
generated instead of the actual mtDNA sequences had been used (see Figure 
2.1B). The reason for this superficially surprising result is that the probability 
of finding complementary repeats of a given nucleotide sequence depends on 
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the maximum length of the up- and downstream sequences (i.e. the search 
space) and thus, the maxima of such probability expectedly lie at both ends of 
any sequence.   
 
Figure 2.3. Deletion breakpoints and direct repeats.   
Distributions of left and right breakpoints of aging-associated mtDNA deletions and 
of left and right DR motifs from (A) human, (B) rhesus monkey, (C) mouse and (D) 
rat.  Standard deviation (error bars) for the frequency of breakpoints in each bin is 







Figure 2.4. Free energy and position wise distribution of the DRs in mtDNA 
major arc. 
Resolution of DR distribution based on DR free energy and position in mtDNA 
sequence of (A) human, (B) rhesus monkey, (C) mouse and (D) rat. The x- and y- 
axis values denote the midpoint of each corresponding bin, i.e. a bin centered at 5.5 
kb denotes a range from 5 to 6 kb and similarly, a bin centered at -2 kcal/mol has a 
range between 0 to -4 kcal/mol. (E) The most stable DR motifs in mtDNA major arc 
are associated with reported common deletions. Left and right breakpoint positions 
(denoted by open and close braces respectively) of common deletion [58, 65, 66], the 
flanking DR sequence (highlighted in red) and the calculated DR free energy value in 




As higher stability of DNA duplex misalignments had been implied to 
correlate with increased occurrences of deletions in human [86], I then 
organized the DR distribution in mtDNA based on increasing free energy, as 
shown in Figure 2.4. Using this approach, I observed that in human mtDNA, 
the regions with high frequency of breakpoints (left breakpoint frequency 
peaking at ~8.5kbp and right breakpoint frequency peaking at ~13.5kbp and 
~15.5kbp) coincided with segments of the native mtDNA with higher density 
of low free energy (more stable) DRs (Figure 2.4A), but not with the stable 
DRs in random R1 sequences (Figure A.10 in Appendix A). Interestingly, the 
most stable DR motifs in the mtDNA major arc were associated with the 
reported “common deletion”, i.e. the most frequently reported deletions, in 
human, rhesus monkey and rat coincide with the most stable repeats in the 
respective mtDNA sequences (Figure 2.4E).  Thus, despite the abundance of 
DR, the association between common deletions and the most stable repeats 
supports an important role of mtDNA misalignments due to DR in the 
formation of deletions. On the contrary, the stability of complementary 
mtDNA sequences has been previously shown to correlate with lifespan, 
where short living species have higher average free energy values (less stable 
DNA hybridization) than long living species [91]. In this case, the lesser stable 
mtDNA are hypothesized to have increased probability of forming random 
(small) DNA bubbles, leading to enhanced (point) mutation rates.   
To further establish the role of DRs in the formation of mtDNA deletions, for 
each reported deletion, I computed the average distance between the 
breakpoints and the nearest DR motif (see methods). In addition, I also 
generated a set of “reshuffled” breakpoints by randomly placing deletions 
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within the major arc, while preserving the deletion length distribution. The 
proximity of these randomly placed breakpoints to any DRs clearly arose by 
chance. By comparing breakpoint-to-nearest-DR proximity values from the 
reported deletions with those from the reshuffled deletions, I was able to show 
that the experimentally observed mtDNA deletions were statistically 
significantly closer to a DR than what was expected by random chance in 
human (p < 10−4) and rhesus monkey (p = 0.0034), but not in mouse (p = 
0.0719) and rat (p = 0.0437). The same general observations held true when 
such comparisons were done using subsets of mtDNA deletions data from 
individual papers and from specific tissues, indicating little or no 
methodological and tissue bias in the above finding (see Table A.5 in 
Appendix A).    
In contrast to the DRs, there was no discernable relationship between the SL 
structures and reported deletion breakpoints. As shown in Table 2.2, the 
double stranded stem regions were formed by 30 – 40 % of nucleotides in the 
major arc H-strand. Meanwhile, similar fractions of the reported breakpoints 
were found within these structures (Table 2.3). The fraction of randomly 
reshuffled breakpoints found in stem regions was also similar to that of 
reported breakpoints in the four mammals (p ≥ 0.0160). Despite a previous 
report suggesting an involvement of SL in deletion mutagenesis [49], I found 
no strong evidence for the role of SLs in either promoting or preventing 
deletion mutagenesis in these organisms (rhesus monkey, mouse and rat). In 
this case, the occasional presence of such motif near the breakpoints was 
indistinguishable from what would be expected by random chance, a fact that 
only became apparent when the reported breakpoints were compared with the 
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reshuffled breakpoints, illustrating the value of using randomly generated 
datasets as reference.  
Table 2.3. Role of sequence motifs in mtDNA deletions. 
Species 
Percentage breakpoints within stem 
regions 








(n = 100) p - value (n=100) p-value 
Human 29.28 37.4 ± 3.37 0.0160 10.39 17.37 ± 0.80 < 10 -4 
R. 
Monkey 
33.82 35.44 ± 5.49 0.7679 12.51 17.32 ± 1.77 0.0034 
Mouse 41.93 38.03 ± 4.42 0.3776 15.59 17.24 ± 1.12 0.0719 
Rat 39.40 40.63 ± 2.80 0.6605 16.53 18.20 ± 0.97 0.0437 
 
2.4. Discussion  
As discussed in chapter 1, mtDNA deletion mutations have been attributed to 
the misalignment of mtDNA during replication or repair, a hypothesis that was 
supported by frequent observations of genome motifs, particularly direct 
repeat, flanking or near the deletion breakpoints in human and other species 
[48, 60, 92]. However, as there exist many DRs in native mtDNA, the 
proximity of any breakpoints to a DR could potentially arise by random 
chance. In addition to DR, in this study I have also analyzed the frequency and 
distribution stem-loop structures, another genome motif that has been 
previously implicated in mtDNA deletion formation [49, 57]. I compare the 
results from the analysis of mtDNA of human, monkey, mouse and rat, to 
establish the validity of different mutation etiology hypothesis and to 
investigate any interspecies differences.  
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There were three key observations from the comparative analysis of DR 
distributions. The first was that DRs can be readily found in native mtDNA 
and random DNA sequences, more so in the former than in the latter.  It 
should be noted that the higher frequency for DRs (size ≤ 10 bp) in native 
mtDNA over the random sequences could be due to the fact that native 
sequences encode proteins and thus have additional constraints related to 
codon usage and protein motifs. Second, left and right DRs were concentrated 
at the beginning and the end of the major arc in both native and random 
sequences, respectively, and the positions of these hotspots arose, as expected, 
from simple probability. While the distributions of the reported breakpoints 
also share the same features, this similarity did not immediately imply 
causality. Finally, there existed trends towards lower frequencies of longer and 
thus more stable DRs, and towards smaller maximum DR size with longer-
living mammals ( i.e. human and monkey). As these trends were absent among 
the random (R1) mtDNA sequences, this finding suggested a possible 
evolutionary selection pressure against long, stable DRs (>10 bp) in long-
living (human and monkey), but not in short-living mammals of the four 
studied here (mouse and rat). The first and the third key observations above 
will be addressed in greater detail using a large set of mammalian mtDNA 
sequences in chapter 3. 
The crucial support for the causal role of DRs in the formation of mtDNA 
deletions in human and monkey came from comparing the average distances 
to the nearest DR from the reported and randomly reshuffled breakpoints. In 
the case of mtDNA deletions from human and rhesus monkey, DRs were 
found at much shorter distances from the breakpoints than expected by 
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random chance. Taken together, the lower proximate distance to DRs and the 
lower frequencies of long (stable) DRs implicated this genome motif in 
deletion mutagenesis in the longer-living mammals among the four. This 
finding was also consistent with an earlier report showing that deletion 
breakpoints were more likely to occur within highly stable mismatched 
duplexes (100 bp) in aged human tissues [86]. Such stable mismatched 
duplexes could be formed by multiple consecutive DR motifs. In addition, 
mtDNA regions flanking deletion breakpoints of human patients suffering 
from mitochondrial diseases have been found to have an increased sequence 
identity [28]. In contrast to DR, I found no evidence of SL involvement in 
mtDNA deletion formation in any of the four mammals. 
The analysis of mouse and rat mtDNA, however, revealed a lack of significant 
evidence for a major involvement of DR in the deletion mutagenesis in these 
short-living mammals. The difference between short- and long-living 
mammals here alluded to another mode (or modes) of mutagenesis, which may 
be dominant during the developmental stages of organisms and was likely 
driven by errors during mtDNA replications in development. Meanwhile, 
mtDNA misalignments involving DRs could conceivably cause deletions later 
in life. In support of this hypothesis, mitochondrial DNA deletions from young 
and old humans with mitochondrial diseases were previously shown to have 
different characteristics, where sequence identity was higher in the 
neighborhood of deletion breakpoints from the old than that from the young 
patients [28]. Hence, studies on human aging on the basis of mtDNA deletions 
using short-living model organisms should appreciate the potential difference 
in the etiology of mutagenesis. 
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In view of the possibility of two distinct origins of mtDNA deletions: 
developmental and somatic, the latter should predominantly affect long-living 
organisms. Consequently, deletions induced by DNA misalignments may be 
evolutionarily selected against in long-living organisms, as there was a higher 
chance for such deletions to (clonally) accumulate in these animals than in 
short-living ones. As mentioned earlier, the  analysis revealed an interspecies 
trend toward lower frequencies of larger and more stable DRs with longer 
lifespan, which was in agreement with an earlier report [85] and also 
consistent with the hypothesized selection pressure against stable mtDNA 
misalignments. However, the proximity to DRs was still an indirect evidence 
for the role of DRs and misalignments in deletion formation. A more detailed 
analysis of DNA misalignments based on established thermodynamic 
principles DNA hybridization will give us a direct will be performed in 
chapter 4. Naturally, there may also exist a selection against deletions of other 











Chapter 3: Origin and Evolution of DRs in mtDNA 
 
3.1. Introduction 
The study on mtDNA deletions in four mammals (human, rhesus monkey, 
mouse and rat) in the previous chapter supported the role of DRs in deletions 
and also indicated a possible selection pressure against the number of long 
DRs (≥ 12 bp) only in the mtDNA of long-lived subpopulation, i.e. human and 
rhesus monkey. However, these findings were limited only to the four 
mammals. The frequency of occurrences of DR in mtDNA molecules has also 
been linked to the longevity of the organisms by earlier studies in literature 
and these studies suggested the existence of a negative selection pressure 
against the number of long DRs in mtDNA in long lived mammals [84, 85] 
(also see chapter 1).  
Sequence repeats in nuclear DNA (nDNA) have been extensively investigated 
due to their involvement in neurodegenerative disorders as well as their 
practical applications such as in DNA fingerprinting [93, 94]. DNA repeat 
sequences can be categorized based on the distance between the repeats 
(tandem or distantly located), the length of the repeats (short or long), or the 
genome location (non-coding regions or coding regions). Different types of 
repeat sequences are believed to evolve through different mechanisms. For 
example, repeat motifs in non-coding genome regions are hypothesized to 
evolve without any selection pressure, whereas repeats within coding regions 
are expected to be under selection to prevent frameshift mutations [94]. 
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Meanwhile, tandem repeats, a well-studied category of repeats, are proposed 
to arise by point mutations and their sizes expand or shrink within genomes by 
replication slippage mechanism [95, 96]. In contrast to sequence repeats in 
nDNA, DRs in mtDNA are much shorter in length (<20bp) and uniformly 
distributed throughout the whole mitochondrial genome [57, 97]. The origin 
and evolution of DR motifs in mtDNA are also more poorly understood than 
those in nDNA.    
Despite the mutagenic attribute of DRs, such motif is more readily found in 
mtDNA than in random DNA sequences of the same length and base 
compositions [85, 97] (see chapter 2). In general, the number of DRs depends 
not only on the global properties of mtDNA sequence (e.g. length, base 
composition, synonymous codon usage), but can also on the specific orders of 
nucleotides, codons and genes. The question that remains is which of these 
factors are important in determining the number of DRs in mtDNA? 
Knowledge about the dominant factor(s) can aid in establishing the existence 
and nature of evolutionary selection on DR motif in mtDNA. In this chapter, I 
compiled a compendium of mtDNA sequences, lifespan and body mass data 
among 294 mammals in order to examine (1) the link between the organism 
longevity and long DRs in mtDNA, and (2) the relative degrees of which 
different attributes of mtDNA genetic codes influence the occurrence of DRs. 
Based on the findings, I then provided insights on evolutionary selection 
related to DR occurrences during mtDNA evolution. 
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3.2. Materials and Methods 
3.2.1. Mitochondrial DNA sequences, Lifespan and Body mass 
Dataset 
Annotated mitochondrial DNA sequences within the taxonomic class of 
Mammalia (n = 294) were obtained from NCBI database. The sequences were 
classified according to their taxonomic orders, and the dataset included only 
the mammalian orders with at least 10 species with known lifespan and body 
mass (Table B.1 in Appendix B). The lifespan was taken as the maximum 
reported value across three different sources: the animal aging and longevity 
(AnAge) database [98], animal diversity web database [99] and longevity 
records [100]. Meanwhile, the body mass was averaged over the values 
reported across the three aforementioned databases. In addition, I also 
compiled mtDNA sequences for 236 species from taxonomic class Aves 
(Table B.2 in Appendix B).  
3.2.2. Analysis of DR Count 
The number of DRs in a mtDNA sequence was determined by scanning for all 
possible DR pairs of a given length (≥ 5bp). The regulatory D-loop region of 
the mtDNA was omitted in the counting of DRs since the region was not 
commonly associated with mtDNA deletions. Direct repeats of length ≤ 5 bp 
were not considered as before because the majority of such DRs possessed a 




3.2.3. Generation of Random DNA Sequences 
In order to examine the effect of different mtDNA sequence attributes on the 
number of DRs, I generated several types of randomized sequences for human 
mtDNA (n = 100 for each type) by: 
 reshuffling genes in mtDNA (randomized gene order, RGO); 
 reshuffling nucleotides within rRNA coding genes;  
 reshuffling nucleotides within tRNA coding genes; 
 reshuffling nucleotides within protein-coding genes; 
 reshuffling nucleotides within the full mtDNA sequence, excluding D-
loop region; 
 reshuffling codons within protein-coding genes; 
 randomizing synonymous codon usage in protein-coding genes 
(unbiased synonymous codon usage, USCU); 
 randomizing nucleotide usage (NU), i.e. random DNA sequences with 
the same length as human mtDNA but using uniform composition of 
the four nucleotide bases.  
 In the generation of USCU, the nucleotide sequences and codon start 
positions for protein-coding genes were obtained from mtDNA annotation. 
Each codon was first translated into the corresponding amino acid (AA) based 
on the vertebrate mtDNA genetic code (provided in the NCBI annotation). The 
AA sequences were then compared with the reference AA sequences available 
in NCBI database for validation and for identification of rare abnormalities in 
the initiation and stop codons. Subsequently, I converted the validated AA 
sequences back to nucleotide sequences and during this process; synonymous 
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codons were used with equal frequency, thereby neutralizing any bias on 
codon usage. In the same manner, I generated USCU random sequences for all 
mtDNA in the mammalian compendium above. As an additional reference, I 
generated randomized DNA sequences with identical dinucleotide 
composition as human mtDNA using randseq function in MATLAB.  
3.2.4. Analysis of Synonymous Codon Usage Bias 
The nucleotide sequences of protein-coding genes in each mtDNA 
(mammalian and avian) were first concatenated, omitting the start and stop 
codons. The synonymous codon usage (SCU) bias for each organism was 
measured by computing the effective number of codons (Nc) using CodonW 
package (http://codonw.sourceforge.net). Codons containing ambiguous 
nucleotides in mtDNA were not included in the analysis.  
3.2.5. Phylogenetically Independent Contrast Analysis 
Amino acid sequences of all the 13 mtDNA encoded proteins were 
concatenated and used for the phylogenetic analysis. Phylogenetic 
relationships among the species in the dataset were constructed  and 
phylogenetically independent contrast analysis was subsequently performed 
using PHYLIP (using proml and contrast functions, respectively)  [101].     
3.2.6. Statistical Analysis 
Correlations and statistical analyses were performed using built-in subroutines 
in MATLAB (Version R2012b; MathWorks, Inc.). The Mann Whitney U – 
test (MWU) was employed for pairwise comparisons of median values.  
Meanwhile, the z-test was used for the comparison of DR counts between 
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mtDNA and different randomized sequences. Unless stated otherwise, 
statistical significance indicated a p-value < 0.05. 
3.3. Results 
3.3.1. DR Counts in Mammalian mtDNA  
The compendium of mtDNA sequences corresponded to 294 mammals within 
6 taxonomic orders, namely: Diprotodontia (n = 12), Primates (n = 50), 
Rodentia (n = 19), Carnivora (n = 61), Artiodactyla (n = 117) and Cetacea (n = 
35).  For each mtDNA sequence, I determined the number of DR motifs, and 
grouped the DRs according to their sizes from 5 to 12 bp and ≥ 13 bp in size. 
The DR counts decreased exponentially with increasing DR size (Figure 3.1a). 
Pairwise comparisons of median DR counts among taxonomies indicated 
significant differences for DR sizes from 5 to 12 bp, with a few exceptions 
among Diprotodontia (two-sided MWU test; see Table B.3 in Appendix B). 
The number of DRs ≥ 13 bp however did not vary considerably across 
taxonomies other than Carnivora. As shown in Figure 3.1b, the mtDNA 
sequences within Carnivora generally possessed fewer DRs (sizes ≥ 5 bp) than 
those in other taxonomic orders for unknown reasons (one-sided MWU-test, p 




Figure 3.1. Number of DR motifs in mammalian mtDNA sequences.  
(a) The boxplot shows the median and the spread in DRs among 294 mammalian 
mtDNA sequences. The number of DRs decreases exponentially with increasing DR 
size. The longest DR in the dataset is 19 bp. (b) Comparison of total DR count (i.e. 
for all DRs of length ≥ 5 bp) among mammals in different taxonomic orders. Each 
boxplot shows the median and spread of total numbers of DRs within each taxonomic 
order.  
 
3.3.2. Long DRs and Longevity of Mammals 
I re-examined the hypothesis from chapter 2 that the number of highly 
mutagenic long DRs constrained the longevity of organisms, and such motifs 
were thus subjected to a negative selection during mtDNA evolution [84, 85]. 
Figure 3.2 shows the relationship between the number of DRs ≥ 13 bp and the 
longevity of the mammals in the compendium. I note that the logarithms of 
lifespan and body mass values in the dataset were correlated ( ⍴ = 0.68; p < 
10-4). Since the body mass has been suggested as a major confounding factor 
while inferring correlations between the lifespan and other parameters of 
interest [102], I adopted the following procedure for the correlation analysis. If 
a significant correlation was observed between logarithm of lifespan and the 
DR count, I then checked for the mutual correlation among logarithm of 
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lifespan, logarithm of body mass and number of DRs. If there was a 
significant mutual correlation among these three variables, then I performed a 
partial correlation analysis to quantify the correlation between logarithm of 
lifespan and DR count controlling for the logarithm of body mass.  
 
Figure 3.2. Relationship between species lifespan and DR counts.  
Relationship between species lifespan and number of DRs (DR size ≥ 13 bp) in 294 
mammals. The linear upper constraint line is drawn based on the least squares fitting 
of 5 points on the outer edge (shown in red). The data point for bowhead whale 
(lifespan = 211 years) is treated as an outlier and not included in the constraint line 
calculation. 
 
In this case, I did not find any significant correlation between the logarithm of 
lifespan and DR counts in the  mammalian dataset for any of the DR sizes 
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mentioned above (p ≥ 0.10; see Table B.5 in Appendix B for detailed results). 
Partial correlation analyses of organisms within their respective taxonomic 
order gave similar outcomes, except for a weak negative correlation within the 
order of Artiodactyla for DRs of lengths 5 to 8 bp (ρ: -0.23 to -0.19; p-values: 
0.01 to 0.04; Table B.5 in Appendix B). The lack of or weak correlations 
between lifespan and DR counts were in agreement with a previous study 
using a dataset of 61 mammals [85].  
At a glance, long-lived mammals appeared to possess fewer long DRs in their 
mtDNA in comparison to short-lived animals (see Figure 3.2 in this study and 
Figure 1 in [85]). More specifically, one could draw a constraint line, as done 
in another study using 61 mammals [85], representing the upper limits of long 
DR counts as a function of the organism longevity. However, such a line 
sensitively depended on the number of organisms with long lifespan (> 50 
years). In the following, I divided the mammals in the dataset into two 
subpopulations: short-lived and long-lived, according to whether their 
lifespans were lower or higher than a lifespan threshold, respectively. The 
difference in the median counts of long DRs between the two subpopulations 
was analyzed for different thresholds, at 50th, 75th and 90th percentile of the 
lifespan data. In this case, I found no significant difference in the number of 
long DRs ≥ 13 bp as well as for shorter DRs (two-sided MWU-test. Detailed 
results, including other DR sizes, can be found in Tables B.6 – B.8 in 
Appendix B). Interestingly, for moderately sized DRs between 7 and 12 bp, 
the median DR counts of the short-lived subpopulations were consistently 
lower than those of the long-lived subpopulations (using thresholds of 75th and 
90th percentile; one-sided MWU-test, p < 0.05), which was in direct 
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contradiction to the hypothesis. I repeated the above analysis for mammals 
within the orders of Primates, Carnivora and Artiodactyla, taxonomic orders 
with sufficiently large sample size (n ≥ 50). Again, the number of DRs in 
short- and long-lived subpopulation did not significantly differ (see Tables B.6 
– B.8 in Appendix B). Taken together, the results above indicated that there 
was no strong evidence supporting any relationship between the longevity of 
the mammals and the number of long DRs. 
3.3.3. Determinants of DR counts in mtDNA 
Different attributes of mtDNA sequence, such as sequence lengths, gene 
arrangements, motifs in protein and RNA structures, codon usage and 
nucleotide base compositions, could affect the number of DRs in mtDNA. 
Each of these attributes may evolve under different selection pressures. 
Mammalian mtDNA sequences have similar lengths at around 16.5 kbps. 
Furthermore, the arrangement of genes in mtDNA among mammals is highly 
conserved, consisting of 2 ribosomal RNAs, 22 transfer RNAs and 13 proteins 
[13]. Among protein coding genes of mammalian mtDNA, there further exists 
a bias in synonymous codon usage (SCU) [13, 103, 104]. Interestingly, the  
results from chapter 2 and also findings from another study have shown that 
human mtDNA possessed a significantly higher DR counts than random DNA 
sequences of the same length and nucleotide compositions [85, 97]. I have 
previously associated this observation to possible recurrent motifs in coding 
genes associated with the structure of proteins and RNAs (Section 2.4 in 
Chapter 1). However, the relative importance of different mtDNA attributes in 




Figure 3.3. Total DR counts in random DNA sequences.  
(a) Comparison of total DR counts in human mtDNA (red) and 8 different 
randomized sequences (blue). (b) Comparison of total DR counts between mtDNA 
and USCU sequences of 294 mammals.  
 
In order to assess how much the aforementioned attributes affected DR count 
in human mtDNA, I generated eight randomized sequences (see Methods), 
differing from the native mtDNA in the manner of which genes, codons or 
nucleotides were ordered in the coding sequences, or in the bias of nucleotide 
or synonymous codon usage.  Figure 3.3a shows the comparison of DR counts 
in randomized sequences and human mtDNA (also see Table B.9 in Appendix 
B). In this case, reshuffling the order of protein-coding genes (in RGO 
sequences) did not lead to any significant difference in the total DR count of 
human mtDNA sequence (≥5bp, two-sided Z-test; p = 0.11; Tables B.10-B.11 
in Appendix B). However, the remaining randomized sequences had lower 
total DR counts than that of human mtDNA (one-sided Z-test; p < 10-4; Tables 
B.9-B.11 in Appendix B), especially USCU (unbiased SCU) and NU 
(unbiased nucleotide composition) random sequences.  
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More specifically, reshuffling the nucleotide sequences within tRNA and 
rRNA genes of human mtDNA slightly reduced the occurrence of DRs of 
sizes between 5 bp – 8 bp (one-sided Z-test; p ≤ 0.01). Changing the ordering 
of nucleotides and codons within the protein-coding genes further lowered the 
number of the DRs, particularly between 5 bp – 10 bp (one-sided Z-test; p ≤ 
0.002).  Similarly, randomization of the nucleotide sequence throughout the 
mtDNA diminished DRs of length 5 bp – 10 bp (one-sided Z-test; p < 10-4). 
As an additional control we generated randomized DNA sequences with the 
same length and dinucleotide composition as human mtDNA. Maintaining the 
dinucleotide composition during the randomization is expected to reduce the 
sequence entropy and thus result in an increase in the number of sequence 
repeats. As expected, random DNA sequences with identical dinucleotide 
content exhibited higher total DR counts than human mtDNA (one-sided Z-
test; p = 0.0006; Figure B.1 in Appendix B). The most significant reduction in 
the DR counts came from neutralizing the bias in nucleotide usage in mtDNA 
and in SCU of protein-coding genes (between 5 bp – 11 bp; one-sided Z-test, p 
≤ 10-4; Table B.9 in Appendix B). However, for longer DRs of length ≥ 12 bp, 
there was no significant difference in the counts between human mtDNA and 
any of the randomized sequences (two-sided Z-test; p ≥ 0.03).  
The large difference in the DR counts between NU random sequences and 
human mtDNA was perhaps not surprising, as NU sequences shared only the 
length of mtDNA with human mtDNA. On the other hand, the strong effect of 
SCU bias on DR counts was particularly interesting, especially considering 
that synonymous codons often differed by one nucleotide in the 3rd position. 
Moreover, the USCU sequences possess the same amino acid sequence 
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information as in the native mtDNA, i.e. these sequences could produce fully 
functional proteins. Consequently, I generated USCU random sequences for 
all of the mtDNA in the mammalian dataset and repeated the analysis above. 
Figure 3.3b shows the comparison of the average total DR counts (≥5bp) of 
USCU sequences (n = 100) and the total DR counts of mammalian mtDNA. 
The comparison confirmed that USCU sequences harbored significantly fewer 
DRs than the respective mtDNA among all mammals in this study.   
 I further examined the SCU bias in mtDNA by analyzing concatenated 
protein-coding sequences of each mtDNA in the dataset (see Methods).  In this 
case, I observed a significant bias in the SCU for all amino acids, except for 
isoleucine and tyrosine (Figure 3.4). The SCU bias had two general trends, 
namely: (1) codons containing G in the third position were used the least, and 
(2) for amino acids with four synonymous codons (i.e. Ala, Arg, Gly, Pro, Thr 
and Val), codons with A in the third position were used the most, followed in 
the order of frequency of use by C, T and G. The above observation on codon 
usage frequency was in good agreement with previously published results for 











Figure 3.4. Synonymous codon usage in mammalian mtDNA sequences.  
For each mtDNA sequence, all 13 protein coding gene sequences were concatenated 
together without the start and stop codon and used for the calculation of codon usage 
frequency. The boxplots show the distribution of codon usage frequencies among 294 
mammalian mtDNA. Synonymous codons were grouped together according to the 
amino acids they encode.  
 
I further investigated the relationship between the extent of SCU bias and the 
DR counts using the effective number of codons (Nc) as a measure of SCU 
bias [105]. The metric Nc was chosen based on a recommendation from a 
survey of existing metrics for SCU bias [106], especially for comparing 
homologous genes across different species. The values of Nc can range 
between 20 to 61, where a value of 20 represented the maximum SCU bias 
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and a value of 61 indicated an unbiased usage of synonymous codons [105]. 
By calculating Nc values of the (concatenated) protein-coding genes among 
mtDNA sequences in the compendium, the SCU bias was found to be 
moderate, ranging between 38.4 and 48.7, with a median value of 43.0. 
Pairwise comparisons between taxonomic orders indicated that the extent of 
SCU bias varied significantly among the mammalian orders (two-sided 
MWU-test; p ≤ 0.03; Figure B.2 in Appendix B). The Nc values were 
negatively correlated with the total DR counts (≥5bp, p < 10-4), as shown in 
Figure 3.5a (see Figure B.3 in Appendix B for individual taxonomic orders).  
In other words, the total number of DRs in mtDNA increased with a higher 
SCU bias. The correlation was also observed for DR counts of any particular 
DR size, but diminished with increasing DR lengths ≥10 bp (for detailed 
results, see Table B.12 in Appendix B). Finally, for a dataset of 236 mtDNA 
from class aves, there was a significant positive correlation between the SCU 
bias in protein-coding genes and the DR counts (see Figure 3.5b and Table 
B.12 in Appendix B).    
Extant mammals share an evolutionary relationship to a common ancestor and 
these animals are not independent of each other. This relationship may become 
a confounding factor the analysis of mammalian mtDNA [102]. To overcome 
this problem, I performed a phylogenetic contrast analysis to investigate the 
correlation between the DR count and the SCU bias, controlling for the 
phylogenetic relatedness between the species in the dataset (see methods).  
Here, the positive correlation observed between the DR count and the SCU 
bias remained significant after correcting for the phylogenetic relatedness 




3.4.1. Do long DRs Constrain the Longevity of Mammals? 
In revisiting the hypothesis that the number of mutagenic, long DRs in 
mtDNA constrained the longevity of animals and that such motifs were under 
a negative selection, our analysis of 294 mammalian mtDNA indicated no 
significant supporting evidence. In particular, I did not observe any differences 
in the median number of DRs ≥13 bp between short- and long-lived 
subpopulations of the mammals in our dataset. On the contrary, for a few 
moderately sized DRs (7 bp – 12 bp), I found the opposite trend of what was 
expected from the hypothesis, where the short-lived subpopulation had a lower 
median DR count than the long-lived subpopulation. Therefore, the results of 
our first analysis suggested that any selective pressure on long DRs, if it 
existed, was not strongly associated with the organism longevity, and that the 





Figure 3.5.Correlation between mtDNA SCU bias and total DR counts.  
(a) in all mammals, and (b) in the genus Drosophila. The linear correlation coefficient 
(r) is shown for each plot. 
 
3.4.2. Determinants of DR Counts in mtDNA 
The analysis of human mtDNA showed that the native mtDNA contained 
more DRs than any of the randomized sequences generated in this study 
(except for the random sequences with identical dinucleotide composition). 
The most significant reductions of DR counts resulted from neutralizing the 
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bias in the nucleotide and synonymous codon usage. Biases in nucleotide 
composition and SCU are not independent, as the SCU bias can be influenced 
by the nucleotide composition of mtDNA (also see Section 3.4.3). In this case, 
much of the higher DR counts in human mtDNA in comparison to random 
sequences of the same length (NU sequences), could be attributed to the bias 
in the SCU in protein-coding genes. The findings above thus demonstrated 
that the global sequence properties, particularly the SCU bias, were the main 
determinants of DRs in human mtDNA. 
The importance of SCU in determining the number of DRs was further 
confirmed by an additional analysis of the extent of SCU bias in mammalian 
mtDNA within the dataset. Specifically, I found that the numbers of DRs 
among mammalian mtDNA increased with the extent of SCU bias, by varying 
degrees among taxonomic orders (Figure B.3; Table B.12 in Appendix B). A 
significant correlation was also observed in the taxonomic class aves, 
indicating that the identified relationship between the SCU bias and DR count 
in mtDNA was not limited to mammals. The higher DR count with the greater 
bias in the SCU could be explained by the fact that protein-coding genes made 
up a majority of mammalian mtDNA sequences and that recurring use of a 
subset of codons in these genes would naturally increase the chance of 
forming repeat sequences. Taken together, the results above thus provided a 
novel evidence for the causal effect of the SCU bias on the formation of DRs 
in mammalian mtDNA.  
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3.4.3. Origin and Evolution of DRs in Mammalian mtDNA 
Sequences 
 
Figure 3.6. Nc-plot  
Relationship between the expected SCU bias due to only nucleotide mutational bias 
(Nc*; in black solid line) and the SCU bias in 294 mammalian mtDNA sequences (Nc; 




Bias in SCU in genomes could be influenced by a number of factors such as 
translational efficiency, accuracy of protein synthesis, tRNA abundance, gene 
expression levels and nucleotide mutational bias [107, 108]. More specifically, 
in mtDNA, there exists overwhelming evidence that the SCU bias arises due 
to nucleotide mutational bias [13, 109]. Nucleotide mutational bias is a 
phenomenon where specific nucleotide point mutations occur more frequently 
than others [108]. In mammalian mtDNA sequences, the nucleotide mutations 
predominantly occur for nucleotides C and T (and not A and G) and such bias 
has been attributed to the directional and context dependent mutagenesis 
process (i.e. mutagenesis of a nucleotide is affected by its neighboring 
nucleotides) during mtDNA replication, transcription and repair [109-112].  
Considering the causal effect of the SCU bias on the occurrence of mutagenic 
DR motifs in mtDNA, a higher bias in SCU will lead to an increase in the 
number of DRs, thereby enhancing the propensity of DR-mediated mtDNA 
misalignments and deletion mutagenesis. If there exists a strong selection 
pressure against mutagenic DRs in mtDNA, then the extent of SCU bias in 
mtDNA should be lower than what would be expected due to only nucleotide 
composition bias. In this context, we calculated the expected value of bias in 
SCU (Nc
*) due to only nucleotide bias, based on the GC fraction at the third 
codon position (GC3). Any significant deviation of Nc from Nc
* reflects a 
possible selection pressure on the SCU bias [105]. Figure 3.6 shows the 
comparison of Nc
* and Nc for mammalian and avian mtDNA. The Nc values of 
mammals and aves lie below Nc
*, implying that the extents of SCU bias were 
higher than expected from nucleotide mutational bias. Thus, evolution appears 
to favor a higher SCU bias in spite of the resulting higher occurrences of 
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mutagenic DR motifs. The Nc values of mammalian mtDNA have a weak 
positive correlation with the GC compositions (ρxy = 0.20; p = 0.0005), while 
the avian Nc were negatively correlated with the GC compositions (ρxy = -0.44; 
p < 10-4). Taxonomic order specific differences were observed in the 
correlation between Nc and GC3 (Figure B.4 in Appendix B). Diprotodontia, 
Rodentia, Artiodactyla and Cetacea do not exhibit any significant correlation 
between Nc with GC3 (p ≥ 0.08), whereas Primates exhibit a negative 
correlation (ρxy = -0.44; p = 0.0013) and Carnivora have a positive correlation 
(ρxy = 0.33; p = 0.01). These results support the existence of additional factors 
influencing the SCU bias other than nucleotide mutational bias.     
Taken together, in contrast to previous suggestions our results reveal a lack of 
selection pressure against DR motifs in mtDNA, even of long lived species. 
Given their likely role in mtDNA deletion formation, this may at first appear 
surprising. However this result can be understood in the context of 
evolutionary theories of aging, based on Peter Medawar’s insight that the force 
of natural selection declines rapidly after sexual maturity. This is the case 
because genotypes that have detrimental phenotypes only late in life will 
become apparent after the relevant genes have been passed on to the next 
generation. Therefore, deleterious genotypes or mutations whose effects are 
confined to old age evade evolutionary selection [113]. While higher counts of 
DRs may increase the occurrences of mtDNA misalignment and deletion 
mutations, such mutations need to first accumulate to a significant fraction (≥ 
60%) of the mtDNA population in a cell before affecting cellular energetics 
[39]. This expansion of mutant mtDNA molecules in somatic cells is a time-
consuming process [114-117], typically taking years to decades. 
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Consequently, their deleterious effects are only observable in aged tissues and 
the diseases associated with mtDNA deletions, such as sarcopenia and some 
neurodegenerative diseases, only become symptomatic late in life, typically 
well after sexual maturity. For this reason, it may not be surprising that the 


















A key step in the major hypotheses on mtDNA deletion mutagenesis, 
including the slip-strand and mtDNA repair model (see Chapter 1), involves 
the misalignment of (single-stranded) segments of mtDNA. Such 
misalignment constitutes a DNA-DNA hybridization reaction, which have 
been extensively investigated both theoretically and experimentally. The 
hybridization of two DNA single strands proceeds by a two-step mechanism; a 
bottlenecking nucleation step in which 2-4 nucleotides hybridize, and a rapid 
zippering of the rest of the sequence to give the complete hybridized duplex 
[118]. The thermal stability of the resulting DNA duplex depends on the free 
energy of the hybridization reaction ∆Gº. The more negative the free energy 
(∆Gº), the more stable is the DNA duplex. 
The stability of the duplex is determined by the primary nucleotide sequence 
of the hybridizing strands. According to the nearest neighbor (NN) theory, the 
stability of a perfect DNA duplex (without mismatches) depends on two key 
factors: (1) the hydrogen bonding between the strands and (2) the stacking 
interactions among the neighboring nucleotide bases [87]. In the case of a 
DNA duplex with mismatches (imperfect duplex), additional elements such as 
loops, bulges and dangling ends can affect the stability of the duplex. The 
contribution of the aforementioned DNA duplex elements to the free energy of 
hybridization have been determined from calorimetric experiments [88]. 
Moreover, a set of numerical tools, called UNAFOLD, have been created for 
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the purpose of estimating possible DNA duplex structures and the associated 
free energies for any given pair of sequence strands (up to 100 bp long), based 
on the NN theory, a library of thermodynamic properties of duplex elements, 
and dynamic programming [87, 88, 90]. The tools have been extensively 
applied to many commercial applications, for example in designing primer 
sequences for polymerase chain reactions and probe sequences for 
microarrays.  
While a considerable fraction of reported mtDNA deletions in human and 
other model organisms have been associated with misalignments and DRs (see 
Chapter 2), many mtDNA deletion breakpoints have no neighboring DRs. 
Such mtDNA deletions are generally hypothesized to arise from a homology-
independent mechanism, involving NHEJ repair, nucleotide pool imbalance or 
non-B form DNA elements, as discussed in Chapter 1. In reality, the deletion 
mutations could form by both misalignment-dependent (MD) and 
misalignment–independent (MI) mechanisms. The relative importance of MD 
and MI pathways in mtDNA deletion formation, as well the nature and 
existence of clinical condition- and species-specific pathways are not 
immediately obvious, but are important in formulating therapeutic strategies 
for ailments caused by mtDNA deletions.  
In this chapter, I described the development and application of a mixture 
model for analyzing mtDNA deletion breakpoints. The model was formulated 
for the purpose of establishing the relative contributions of MI and MD 
mechanisms in the formation of mtDNA deletions in a given dataset of 
mtDNA deletion breakpoints. More specifically, given a distribution of 
deletion breakpoints, the model provided an estimate of the fractions of 
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mtDNA deletions arising from MD mechanisms of different misaligned sizes 
and from MI mechanism. The model was applied to a compendium of 569 
deletion breakpoints from human, rhesus monkey, rat and mouse compiled 
from the literature. The model predictions were used to gain novel insights 
into the cause of deletions in vivo, and differences in the mtDNA deletion 
mechanism among clinical conditions and species. 
4.2. Materials and Methods 
4.2.1. Mitochondrial DNA Sequences  
The complete, annotated mitochondrial DNA sequences for the human, rhesus 
monkey, mouse and rat were obtained from NCBI database, as described in 
Chapter 2 (Table 2.1; Section 2.2.1).    
4.2.2. Deletion Breakpoints Data 
Breakpoint positions of mtDNA deletions in mtDNA major arcs of human, 
rhesus monkey, rat and mouse were gathered from the literature. The 
breakpoints were divided into 8 categories based on the species and clinical 
conditions (Table 4.1). Each dataset included the breakpoint positions of 
unique deletions, i.e. identical mtDNA deletions reported in several references 
(e.g. human mtDNA common deletion) were removed. The datasets were 
further pruned such that the majority of left and right deletion breakpoints (> 
90 – 95%) lied within two distinct (non-overlapping) regions of the major arc, 
called the left breakpoint region (LBR) and right breakpoint region (RBR), 
respectively (see Table 4.2). The curated breakpoint positions in each dataset 















112 Patients with KSS or PEO 
3 Human PS 30 Patients with Pearson Syndrome 
4 Human POLG 72 
Myopathy patients with mutations in 
nuclear DNA encoded mitochondrial 
POLG gene 
5 Monkey Aging 32 Aged tissues in rhesus monkey 





Mouse with DSBs induced by 
transgenic expression of Pst1 
endonuclease enzyme. 
8 Rat Aging 114 Aged tissues in rat 










Table 4.2. Left and right breakpoint regions. 
 Data set 
Left breakpoint region Right breakpoint region 
Start  Stop  Start  Stop  




6000 12000 12500 16000 
3 Human PS 7500 11500 12000 16000 
4 Human POLG 7000 8500 13500 16100 
5 Monkey aging 5800 10300 13000 15900 
6 Mouse aging 7100 9700 12200 15100 
7 Mouse DSB 5400 8500 12200 15500 
8 Rat aging 5000 11000 12000 15500 
 
4.2.3. Calculation of Partition Functions for DNA Hybridization  
Any pair of sequences can potentially form different configurations of duplex 
structures, each with varying thermal stability. The partition function for 











         
where 
o
iG  is the free energy of hybridization of the i
th configuration and the 
summation is performed over all possible duplex configurations  [119]. The 
partition function value Z was computed using the subroutine hybrid of 
UNAFOLD package using the default parameters [90]. In the model, I 
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considered an ensemble of DNA segment pairs, arising from a partitioning of 
the LBR and RBR into disjointed sections. The likelihood (probability) that a 
pair of DNA segments would hybridize relative to other pairs in the ensemble 



























where the subscript k denote the k-th pair of segments and the summation over 
k was done for all possible pairs in the ensemble. 
4.3. Model Description 
The model was developed by assuming that deletion mutations in mtDNA 
occurred by a combination of MD and MI mechanisms. For MD mechanism, 
the model further considered varying mtDNA segment sizes that might be 
involved in the mtDNA misalignments. The model prediction of the fractions 
of MD and MI deletions was based on the constrained maximization of the 
log-likelihood function: 
max   
1




L p l r 

         (4.1) 
subject to 1    
where θ represents the fractions,  ,
i
l r  denotes the left and right breakpoint 
positions of the i-th deletion,   , ;p l r   denotes the probability of mtDNA 
deletion at the breakpoint position  ,l r  given the fractions θ, and N is the 
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number of mtDNA deletions in the dataset. The probability function 
  , ;p l r   was formulated as a mixture of distributions involving MD and 
MI mechanisms, as follows: 
        , ,, ; , ,MI MI MD j MD ji i i
j J
p l r p l r p l r  

       (4.2) 
where θMI denotes the fraction of deletions associated with MI mechanism, 
θMD,j denotes the fractions of deletions due to misalignments of mtDNA of the 
j-th size in the set J, and   ,MI ip l r  and   , ,MD j ip l r  represent the 
probability of MI and MD deletions at the position  ,
i
l r , respectively. In the 
model implementation, the LBR and RBR were divided into disjointed 
segments of 100bp, thereby creating bins of size 100bp × 100bp over the two 
dimensional space bounded by the LBR and RBR. The probability 
  , ;ip l r   of each deletion was equated to the probability of the 
 , -thL R bin containing  ,
i
l r  (i.e.      , ; , ;i ip l r p L R  ).  
In the model, MI deletions were assumed to occur randomly across the 2D 
space of LBR and RBR. Thus,   ,MIp L R  was given by the uniform 
distribution. On the other hand, the distribution of MD deletions was assumed 
to be governed by the thermal stability of the misalignment duplex i.e. the free 
energy of hybridization (∆Gº). Here, probability   , ,MD jp L R  values were 
computed based on the hybridization partition function value (Z). More 
specifically, for any given size j of J, the LBR and RBR were first partitioned 
into X and Y non-overlapping segments of size j, generating X×Y possible 
pairs of segments, one from LBR and the other from RBR. The value kZ  of 
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each pair of segments (k = 1, 2, …, X×Y) was subsequently computed using 
UNAFOLD (see Section 4.2.3). The calculation of the probability 
  , ,MD jp L R  followed according to: 

















       
 where  ,L RK  denotes the set of segments of size j that belong in the 
 , -thL R bin.  
The maximization of the log-likelihood function in Equation 4.1 was 
performed in MATLAB (Version R2013; MathWorks, Inc.) using the interior 
point algorithm with a multi-start strategy (using subroutine fmincon) with the 




  . Based on preliminary calibration runs (results 
not shown), the analysis of the breakpoints data was done using 6 different 
mtDNA segment sizes for the MD deletion fractions, giving a total of 7 
unknown fractions to be estimated (6 for MD and 1 for MI). Particularly, the 
MD size combination 4, 8, 12, 25, 50 and 100 bp was found to produce the 
most accurate estimates in the model calibration. In the following section, the 
mtDNA breakpoint datasets were used with the model to estimate the fractions 
of MI and MD deletions. Additional analyses were also performed using 
different size combinations.  
4.4. Results 
The accuracy of the maximum likelihood model was first evaluated using 
computer generated mtDNA deletion breakpoint positions from a pre-
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determined mixture of MI and MD probability distributions. For this purpose, 
the data were generated by a Monte Carlo sampling (n = 10 samples) from the 
distribution in Equation 4.2 with preset fraction ().  
 
Figure 4.1. Calibration of model predictions.  
Model calibration using Monte Carlo random samples with different MD 
combinations and preset fractions (a) 100 deletions with equal contributions from MI 
and MD components with size combination: 3, 6, 12, 25, 50, and 100 bp, (b) 100 
deletions with equal contributions from MI and MD components with size 
combination: 4, 8, 12, 25, 50, and 100 bp, (c) 25 deletions with equal contribution 
from MI and MD components with size combination: 4, 8, 12, 25, 50, and 100 bp, 
and (d) 100 deletions with the contribution only from MI mechanism. The error bars 
represent the mean ± SD of  estimated from repeated analysis of 10 Monte Carlo 
samples with identical composition and model settings. 
 
Figure 4.1 shows the performance of the model in analyzing the in silico data 
for different MD size combinations, number of deletions in the data and 
MI/MD fractions. In general, the ML method could provide reasonably 
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accurate estimates of, as shown in Figure 4.1. As expected, the variability in 
the estimates decreased with increasing sample size (i.e. number of deletions). 
Also, the fractions involving MI and MD deletions with smaller misaligned 
segments have higher variances. The higher variability arose because the free 
energy of hybridization and therefore the thermal stability of DNA duplexes of 
these sizes were more alike with each other and more similar to the uniform 
random distribution, than larger duplexes. The similarity in the probability 
density functions led to increased correlations in the associated fractions, 
making their estimation more difficult.  
Figure 4.2 shows the results of the model analysis of all breakpoint datasets in 
this study. The accuracy of the fraction estimates was again evaluated by 
generating Monte Carlo samples (n = 10) of breakpoint data, with the same 
number of deletions as in each dataset and using the estimated  as the preset 
MI/MD fractions. There were similarities in the estimated fractions   among a 
few datasets suggesting a shared mechanism of mtDNA deletions, as well as 
species and condition-specific outcomes. Specifically, the results suggested 
that mtDNA deletion breakpoints associated with aging in human, rhesus 
monkey and mouse could be explained predominantly by mtDNA 
misalignments of 4bp long sequences. A similar observation also applied to 
deletion breakpoints from human myopathy, with moderately higher 
contributions of misalignments up to 12 bp. In contrast, mtDNA 
misalignments appeared to have no role in the formation of deletions during 
the aging process in rat. The lack of contribution of MD mechanism was also 
observed for mtDNA deletions associated with DSBs in mouse and POLG 
mutation in human. Finally, the analysis of mtDNA deletions from human PS 
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showed a combination of MI (major) and MD (minor) mechanism, involving 
misalignment of roughly 12 bp long mtDNA segments.  
 
Figure 4.2. Estimation of MD and MI fractions in reported mtDNA deletions. 
(a) human aging, (b) rhesus monkey aging, (c) mouse aging, (d) rat aging, (e) mouse 
DSB, (f) human myopathy, (g) human PS and (h) human POLG datasets. The error 
bars represent the standard deviation calculated from 10 Monte Carlo random 
samples generated using a mixture probability function with the estimated fractions. 
 
4.5. Discussion 
The mechanism of mtDNA deletions is not precisely known and likely varies 
across different cellular contexts and species. Nevertheless, the misalignment 
of segments of mtDNA, due to either sequence homology or DRs, constitutes 
a key step in many established hypotheses. The lack of sequence homology or 
the absence of DRs near many reported mtDNA deletions also gives evidence 
for other mechanism of mutagenesis that does not require mtDNA 
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misalignment. As described in Chapters 1 and 2, the present models of 
mtDNA deletion formation have been based on direct observations or 
sequence analysis of regions around the deletion breakpoint positions. In 
contrast, the model developed in this chapter is based on the thermodynamics 
principle of DNA-DNA hybridization, the underlying process of mtDNA 
misalignments. Consequently, the relative contribution of MI and MD 
mechanisms with a consideration of varying sizes of misaligned mtDNA 
sequences can be rigorously estimated for the first time.  
One key finding from the analysis of mtDNA deletions was that in datasets 
with high MD fractions, the most relevant misalignments involve short 
sequences of ≤ 8bp (predominantly around 4 bp). The importance of short 
misalignments stood in contrast to previous analyses, which had implicated 
either the largest DR in mtDNA [57] or long homologous sequences of 100 bp 
[86]. Furthermore, in the erroneous mtDNA repair model of deletion 
formation (see Chapter 1), the relevant length of sequence homology could 
vary depending on the recombination mechanism, from 100s of bp in HR to > 
30 bp in SSA and 5 – 25 bp in MMEJ [28, 29]. The involvement of large DRs 
or long sequences made intuitive sense as long duplexes have a higher thermal 
stability than short ones. However, the misalignment of long sequences 
required the associated homologous segments to be single-stranded and in 
close proximity with each other. A recent study on mtDNA replication using 
electron microscopy has shown that the parental H-strand does not stay single-
stranded, rather it is bound by RNA molecules (see RITOLS model in chapter 
1) [17]. Furthermore, the same study estimated that only a small percentage of 
mtDNA (100-200 bp in total) exists in the single-stranded state [12]. Finally, 
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single-strand DNA binding proteins have been found in mitochondria, which 
as the name suggests, can bind to single-stranded regions of mtDNA [120]. 
Taken together, the observations above indicated that misalignments of long 
homologous sequence are the exception rather than the norm in vivo. 
Correspondingly, as suggested by the model, mtDNA deletions associated 
with MD mechanism likely involved the hybridization of short single-stranded 
sequences. 
The analysis of the aging datasets further suggested that age-related mtDNA 
deletions in human, rhesus monkey and mouse depended on similar or the 
same mechanism, again one that involved the misalignments of short mtDNA 
sequences. Interestingly, the MI/MD fractions in human aging deletions were 
more similar to mouse than to rhesus monkey, which was in contrast to the 
findings from analyzing DR-breakpoint proximity in Chapter 2. While the 
difference between the model predictions here and the analysis in Chapter 2 
could have arisen due to the small sample size of rhesus monkey dataset, the 
incorporation of the thermodynamics of DNA misalignment in this chapter has 
a clear advantage over simple sequence analysis in establishing causal 
mechanism of deletions. On the other hand, the analysis of rat dataset 
implicated a different mechanism of deletion mutagenesis in rat’s aging than 
that in the other three mammals. In particular, age-related mtDNA deletions in 
rats appeared to occur by a similar process in the repair DSBs or in nuclear 
gene mutations.  
The mutagenesis of mtDNA deletions also differed among human clinical 
conditions. While deletions in human myopathy and aging have similar 
MI/MD fractions, those associated with PS and POLG showed significantly 
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different MI/MD contributions. As described in Chapter 1, mtDNA deletions 
due to mutations in nuclear genes, such as POLG and Twinkle,  have been 
contributed to mechanisms that are different from that in aging [52, 59, 70]. In 
particular, HP runs are enriched around mtDNA deletion breakpoints in 
myopathy patients with a POLG mutation. In this case, the main hypothesis 
suggested that these deletions form by a replication pausing at HP runs, 
leading to a DSB and the subsequent recombination with the D-loop region, 
without involving sequence misalignment [70]. In agreement with this 
hypothesis, the model predicted that the mtDNA deletions from human POLG 
dataset depend only on MI mechanism.  Meanwhile, the PS dataset had a 
strong contribution from MI mechanism with a minor MD fraction related to 
misalignments of 12 bp sequence. The difference between the PS and other 
human datasets maybe attributed to the age of the patients, as PS affects only 
infants, or the tissues from which the deleted mtDNA molecules have been 
isolated (blood cells in PS as opposed to skeletal muscle, heart and brain 
tissues in the other human datasets) [28].  
Finally, mtDNA deletions associated with DSBs, either induced by transgenic 
expression of restriction enzyme (in Pst-1 mouse dataset) or by replication 
pauses due to nuclear gene mutations (human POLG mutant dataset), were 
largely contributed MI mechanism. This finding strongly implicated errors 
during non-homologous recombination process as the main source of mtDNA 
deletions associated with DSBs. Meanwhile, the low MD fraction also 
suggested that homologous recombination either happened much less 
frequently or had much higher fidelity than non-homologous recombination in 
the repair of DSBs in these contexts.  
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Chapter 5: Conclusions and Future Works  
 
Deletion mutations in mtDNA accumulate within our cells with age and 
results in mitochondrial dysfunction once the mutation load exceeds a certain 
threshold. High proportions of deleted mtDNA molecules have been shown to 
cause skeletal muscle fiber breakage and atrophy in Sarcopenia, and loss of 
neurons in aged brain and Parkinson’s disease [5, 7]. Also, deletion mutations 
in mtDNA have also been implicated in mitochondrial-related diseases such as 
KSS, PS and PEO [8, 56, 121]. Currently, there exists no effective treatment 
for any of the diseases mentioned above. A better understanding of the 
molecular events taking placing during the formation of such deletions is 
essential in framing an effective therapy against mtDNA deletion associated 
disorders. 
The mechanism of mtDNA deletion formation is incompletely understood. 
Nevertheless, several hypotheses have been put forward in the literature. Here, 
intramolecular misalignment of mtDNA involving DRs is a key step in many 
of the major hypotheses, including the slip-strand and the homology-
dependent DNA repair model. The importance of DR motif has been further 
supported by the frequent observations of DRs flanking the breakpoints of 
mtDNA deletions across different organisms, especially in human. However, 
many mtDNA deletion breakpoints are neither flanked DRs nor associated 
with homologous sequences. Thus, the prominent mechanism of mtDNA 
deletion formation in different cellular contexts and clinical conditions may 
vary. In this thesis, I have addressed two questions concerning (1) the relative 
importance of misalignment-dependent and –independent mechanisms of 
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mtDNA deletion mutagenesis in different species and clinical settings, and (2) 
the existence of selection pressure against mutagenic DR motif during mtDNA 
evolution.  
In the literature, the contributions of MD/MI mechanisms are usually 
ascertained by grouping the observed mtDNA deletions into two classes based 
on the presence of flanking DRs [55]. However, the association between DRs 
and mtDNA deletion breakpoints may have arisen by chance as a high 
percentage of mtDNA sequence is involved in DRs [85, 97]. Consequently, in 
the first part of the thesis, I analyzed the statistical significance of the average 
distance between reported mtDNA deletion breakpoints in the literature and 
DRs, in comparison to those of randomly reshuffled breakpoints. The analysis 
established a significant association between age-related mtDNA deletions and 
DRs in (long-lived) human and rhesus monkey, but not in (short-lived) mouse 
and rat. In addition, the modes of deletion breakpoint distribution colocalized 
with long DRs with higher (thermal) stability. While the results supported the 
hypothesized involvement of DRs and misalignment in mtDNA deletion 
formation in human and rhesus monkey, the analysis was still empirical in 
nature without any theoretical foundation.  
The hypothesized misalignment step in mtDNA deletion formation involves 
DNA-DNA hybridization process. On this basis, I developed a mixture model 
for analyzing the relative contributions of MI and MD mechanisms. In the 
model, I assumed that the mtDNA deletion in a dataset resulted from a mixture 
of MI/MD formation. In the modeling of MD deletions, the distribution of 
deletion breakpoints was determined by the thermodynamics principle of 
DNA hybridization. The model-based analysis of literature-compiled mtDNA 
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deletion breakpoints showed that age-related deletions in human and rhesus 
monkey were largely attributed to MD mutagenesis, in agreement with the DR 
association analysis. However, age-related mtDNA deletions in mouse 
appeared to occur by the same mechanism as those in human, in contrast to the 
earlier statistical analysis. Meanwhile, in rats, age-related mtDNA deletions 
were mostly contributed by MI mechanism, similar to those associated with 
DSBs in mouse and human POLG mutations. Surprisingly, the majority of 
MD contributions came from short misalignments (≤ 8bp), refuting the 
involvement of long homologous sequences previously suggested in the 
literature [28, 86]. In agreement with the model prediction, a recent study 
reported that only a small fraction of mtDNA existed in single-stranded state 
[12], indicating that misalignments involving lengthy homologous sequences 
were unlikely.  
In order to examine the selection pressure on DR motifs, I examined the 
effects of global and sequence-specific attributes of mtDNA on the occurrence 
of DRs in 294 mammals. I also revisited a hypothesis that the mutagenic long 
DRs are under a negative selection due to their association with mtDNA 
deletions. However, the analysis of mammalian mtDNA dataset showed a lack 
of evidence for such a selection pressure acting on the number of long DRs. 
More importantly, the number of DRs in mtDNA is strongly affected by the 
bias in the SCU. Furthermore, the extent of SCU bias was found to be higher 
than expected from nucleotide mutational bias, indicating the absence of any 
selection pressure on DRs in mtDNA. The lack of selection on mutagenic DR 
motif could be attributed to the fact that the accumulation of mtDNA deletions 
occurs stochastically [114-116] and exhibits late-life effects on the organism. 
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Accordingly, natural selection on mtDNA mutations affecting the number of 
DRs would be weak and inefficient, as explained by the mutation 
accumulation theory of aging [113, 122].  
A promising direction for the extending the current findings would be in 
experimentally testing the predictions made in this thesis. Sequence analysis 
near the deletion breakpoints suggested the involvement of energy dependent 
misalignment process in deletion formation. This thermodynamics based 
misalignment process can be manipulated and tested in experimental animal 
models. For example in Caenorhabditis elegans (nematode worm) which 
could be grown in wide range of temperature values, the mtDNA deletion 
mutation spectrum can be characterized as a function of temperature and such 
experiments can provide platform for designing and testing interventions 
against mtDNA deletions. 
Currently there is a huge research investment and interest in developing 
mitochondrial manipulation therapies that rely on adding healthy 
mitochondrial components into ovum or embryo. One of the findings in 
chapter 3 suggests that mtDNA sequences with unbiased synonymous codon 
usage contain dramatically lower number of mutagenic direct repeats. This 
insight can be used to design artificial but functional mtDNA sequences with 
low or no SCU bias and their propensity for undergoing DNA deletions could 
be tested in experimental model systems. This kind of mtDNA sequence that 
is highly resistant to undergo mutations can be used in mitochondrial 
manipulation therapies. Another insight that could aid in interventions arises 
from the theoretical analysis of mtDNA misalignments.  Evidence in literature 
suggests that DNA repair mechanisms are specific to the nature of the DNA 
82 
 
damage or errors. Results from chapter 4 further indicated that mtDNA 
misalignments associated with the deletions are short in length predominantly 
4 bp. Hence one type of intervention strategy is the transgenic expression of 
enzymes capable of resolving short DNA misalignments in mtDNA in vivo. 
This can significantly lower the frequency of occurrence of deletion mutations 
in mitochondrial DNA and also can reduce the onset the mitochondrial 
dysfunction. 
Latest technologies such as deep sequencing can rapidly increase the amount 
of experimental data on mtDNA deletions. However currently there are no 
openly available computational tools for analyzing the experimental data and 
inferring the underlying mechanisms.  A publicly available webserver that can 
perform a list of standard sequence analysis tasks tailor made for mtDNA 
deletions can greatly facilitate the usage of computational tools by non-experts 
(in computational methods). The construction of a public webserver is another 
interesting domain for future work and it is of significant practical use for 
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Appendix A  
Non Redundant Major Arc Deletions from Individual References 
The references corresponding to the reference numbers in Tables A.1 – A.4 
are provided in the end of the Appendix A 
Table A.1. Human mtDNA Deletions 
Number Left Breakpoint Right Breakpoint Reference 
1 8030 16071 1 
1 8468 13580 2 
1 7478 11439 3 
2 11513 13809 
3 11738 15571 
4 6862 13060 
5 6340 14004 
6 9799 15556 
7 9920 16070 
8 6427 14100 
9 9665 15182 
10 8562 13953 
11 7181 14560 
12 9237 13053 
13 7722 14109 
14 7164 14109 
15 9758 13748 
16 10928 15524 
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17 7398 13676 
18 9342 13145 
19 7395 12384 
20 9577 13952 
21 9243 14421 
22 8466 14362 
23 12083 15853 
24 7413 14570 
25 16157 16318 
26 7849 13473 
27 8554 13984 
28 6939 15450 
29 6521 15049 
30 10492 14751 
31 6329 13993 
32 10969 15535 
33 7856 12282 
34 11046 15850 
35 10931 15541 
36 7097 16071 
1 7682 13722 4 
2 8469 13447 
3 7468 15989 
4 7817 16075 
5 7663 13804 
100 
 
6 7398 13677 
7 7957 13370 
8 8131 13570 
9 7853 13887 
10 8299 13153 
11 8137 14771 
12 7912 9560 
13 8568 12976 
14 9570 10162 
15 10183 13756 
16 8525 13716 
17 7728 13806 
18 8030 14334 
19 8464 13138 
20 8441 14505 
1 9436 15913 5 
2 8469 13447 
3 6173 16078 
1 8649 16084 6 
1 8036 13095 7 
2 6836 14380 
1 8637 16084 8 
2 8470 13477 
1 6167 13052 9 
2 6324 13989 
101 
 
3 6501 13802 
4 6530 13831 
5 6919 13564 
6 7114 13992 
7 7125 13050 
8 7692 13983 
9 7808 12388 
10 8030 14563 
11 8231 13965 
12 8386 12820 
13 8469 13447 
14 8893 15503 
15 9487 13725 
16 9572 13938 
17 9737 14432 
18 9853 15019 
1 8482 13460 10 
2 8421 13564 
3 8312 13667 
4 6601 16283 
1 7539 15237 11 
2 7933 15604 
3 8256 15261 
4 8580 15239 
5 8580 15539 
102 
 
6 8640 15369 
7 8663 15362 
8 8825 15658 
9 9535 15517 
10 9538 15658 
11 9538 15537 
12 6128 15434 
13 6468 15585 
14 8576 16075 
15 8601 15731 
16 8645 15656 
17 9621 15811 
18 9624 15434 
1 7805 13844 12 
2 6555 14345 
3 6437 14077 
4 6427 15269 
5 8418 14127 
6 9924 15194 
7 6453 14288 
8 8408 14118 
9 8482 13460 
10 6423 14344 
11 6416 14182 
12 8049 14115 
103 
 
13 6476 14146 
14 7815 13581 
15 7658 15548 
16 6585 15144 
17 6625 16074 
18 6759 15865 
19 8232 15542 
20 7821 13760 
21 7265 16035 
22 6790 15918 
23 7629 14813 
24 7808 14799 
25 8904 14903 
26 6835 14380 
1 8483 13459 13 
2 8649 16084 
3 7960 13786 
4 8477 14811 
5 8440 16074 
6 7993 15729 
7 8035 16075 
8 7776 13532 
9 7842 13904 
10 8214 16069 
1 8470 13447 14 
104 
 
2 7954 13781 
3 8470 14805 
4 8367 16073 
5 8433 16068 
6 7986 15723 
7 8027 16071 
























Table A.2. Rhesus Monkey mtDNA Deletions 
Number Left Breakpoint Right Breakpoint Reference 
1 6390 15657 
15 
2 6566 15750 
3 6517 15233 
4 6877 15588 
5 7474 15365 
6 8260 15141 
7 10209 15480 
8 10089 14826 
9 11025 15130 
10 6186 15806 
11 6114 15538 
12 6518 15242 
13 7534 15699 
14 6365 14489 
15 10133 15660 
16 8542 13064 
17 10172 14405 
18 5829 15710 
19 6534 15750 
20 8816 15202 
21 9064 14828 
1 7576 15603 16 
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2 7366 15381 
3 7363 15350 
4 7595 15564 
5 7453 15315 
6 7329 15184 
7 7449 15264 
8 7990 15391 
9 8114 15431 
10 9090 14834 
1 6116 10611 
17 2 10596 16063 



















Table A.3. Mouse mtDNA Deletions 
Number Left Breakpoint Right Breakpoint Reference 
1 8884 13120 
18 2 9553 13279 
3 9089 12956 
1 9089 12956 
19 
2 8010 15061 
3 8001 15053 
4 7992 15045 
5 7702 14802 
6 7860 14988 
7 8497 14934 
8 7665 14812 
9 7708 15014 
10 7664 14606 
11 8166 14719 
12 7751 14614 
13 7759 14834 
14 8020 14900 
15 8039 14906 
16 7734 14649 
17 7669 14780 
18 7723 12757 
19 8118 14798 
108 
 
20 8283 15065 
21 7731 15023 
22 7609 14669 
23 7695 12895 
24 7734 14658 
25 7736 12779 
26 7702 14568 
27 8295 14862 
28 7672 14604 
29 7691 14912 
30 7612 14656 
31 7740 15006 
1 7819 13641 20 
1 7759 12454 21 
1 8720 14116 22 
1 7202 12531 23 
1 9103 12976 
24 
2 9058 12791 
3 9448 13103 
4 8968 12890 
5 9374 13071 
6 8917 12784 
7 8932 12706 
8 9170 12648 
9 8904 12714 
109 
 
10 8897 12292 
11 8982 12484 
12 8901 12890 
13 8956 12852 
14 9111 12516 
15 8878 12676 
16 8948 12719 
17 8953 12819 
18 8967 13056 
19 9020 12484 
20 9067 13086 
1 8883 13120 
25 
2 9554 13278 
3 9088 12956 
4 8992 13049 
5 8697 13301 
6 9262 13224 
7 8956 13334 











Table A.4. Rat mtDNA Deletions 
Number Left Breakpoint Right Breakpoint Reference 
1 7100 14392 
26 
2 6375 13084 
3 6883 14608 
4 10221 14991 
5 7166 14228 
6 9420 15112 
7 5530 14616 
8 6872 13867 
9 7268 14151 
10 6844 15225 
11 5935 14612 
12 7247 13095 
13 6336 13075 
14 6549 13914 
15 6033 14885 
16 5251 14984 
17 8149 14616 
18 6423 14545 
19 7398 15101 
20 5827 12360 
21 7170 14614 
22 6250 14399 
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23 7810 15378 
24 7489 13122 
25 8201 14613 
26 6349 14219 
27 8313 15127 
28 7650 14466 
29 7501 11908 
30 6826 13410 
1 5173 15018 
27 
2 5188 15109 
3 5451 15109 
4 5531 14991 
5 6020 14911 
6 6061 14979 
7 6224 14911 
8 5250 14220 
9 5389 15265 
10 5457 14613 
11 5569 15080 
12 6879 16090 
13 8254 15129 
14 5242 14617 
15 6345 15299 
16 6099 14977 
17 5534 14404 
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18 6248 14991 
19 6316 14908 
20 6099 14613 
21 7170 15136 
22 7454 15214 
23 5250 12893 
24 7169 14672 
25 7878 15292 
26 7525 14613 
27 6514 13190 
28 5658 13814 
29 7552 14933 
30 7686 14638 
31 7382 14215 
32 6749 13133 
33 8631 13943 
34 5423 15353 
35 6562 13621 
36 6099 13095 
37 6091 12806 
38 7837 13660 
39 7399 13212 
40 7689 12973 
41 9345 13801 
42 9394 13812 
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43 10274 14612 
44 10307 14607 
45 5589 15120 
46 6117 13315 
47 6099 13178 
48 6099 13054 
49 6255 13315 
50 7493 13221 
51 7527 13100 
52 8098 14920 
53 8931 14920 
54 9662 13731 
55 10265 14219 
56 10427 14616 
57 10567 14610 
58 10896 13639 
59 11033 13707 
1 7599 15265 
28 
2 7654 15267 
3 7944 15265 
4 5377 15263 
5 5288 15266 
6 5459 15266 
7 7664 15142 
8 7653 14742 
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9 7767 15422 
10 7768 14317 
11 8273 15224 
12 8104 15104 
13 8259 15296 
14 5458 15422 
15 5641 15289 
16 5379 15225 
17 7682 14590 
18 7734 15355 
19 5320 14983 
20 8465 15264 
21 8093 14395 
22 8204 15328 
23 7739 15265 
24 7959 15265 
25 7594 15398 
26 7652 15246 
27 7644 15265 
28 7847 15044 
1 7398 15101 
29 
2 7650 14466 
3 6026 14885 
4 6350 14218 
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Table A.5: Average breakpoint-nearest DR distances in breakpoint data from 












sided    
z-test)      
Reporte
d 
Reshuffled (n = 
100) 
Mean Mean SD 
Human       
 [3] SM / SC 36 
10.3333 17.2285 1.4229 < 10-4 




9.1750 17.0042 1.9633 < 10-4 
 [9] BR / SC 18 
7.1389 17.8486 2.0680 < 10-4 
 [11] SM / TH 18 
13.8333 17.3986 2.0723 0.0427 
 [12]  BR / SC 26 
11.5000 17.2783 1.7474 0.0005 
Overall  140 
10.3929 17.3746 0.8016 < 10-4 
Monkey       
 [15]  SM / SC 21 
8.7619 17.7126 2.0371 < 10-4 
Overall  34 
12.5147 17.3222 1.7778 0.0034 





18.4032 18.1715 1.7953 0.5514 
[19] SM / TH 20 
17.7500 17.2307 2.1634 0.5948 
[24]  SM / SC 20 
11.9000 16.4610 1.9429 0.0095 
Overall  62 
15.5968 17.2474 1.1291 0.0719 
Rat       
[26]  SM / SC 30 
17.9000 17.9857 1.8019 0.4810 
[27]  SM / SC 20 
15.2500 17.7110 2.2486 0.1369 
 [27]  SM / TH 26 
16.0769 17.5465 1.7056 0.1944 
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,[28]  BR / TH 28 
17.2679 18.6554 1.9702 0.2406 
Overall  118 
16.5381 18.2033 0.9743 0.0437 
Overall (without [28]) 104 
16.7644 17.9636 0.9327 0.0993 
 















Figure A.1: Frequency of direct repeat pairs (≥ 6 bp) in mtDNA  
Frequency of direct repeat pairs in mtDNA and two types of random 
sequences (R1 and R2) in (a) human, (b) rhesus monkey, (c) mouse and (d) 
rat. R1 denote the random sequences with the same base composition as the 
corresponding mtDNA.  R2 denote random sequences with equal proportion 





Figure A.2: Frequency difference distribution of direct repeats (DR)  
Frequency difference distribution of DR between random R1 sequences from human and from rat (100 R1 from each or 10,000 total 
differences) for DR sizes from 6 to 13 bp. The frequency difference between the native human and rat mtDNA (| | |) is also shown with 




Figure A.3: Frequency difference distribution of direct repeats (DR)  
Frequency difference distribution of DR between random R1 sequences from rhesus monkey and from rat (100 R1 from each or 
10,000 total differences) for DR sizes from 6 to 15 bp. The frequency difference between the native rhesus monkey and rat mtDNA 




Figure A.4: Frequency difference distribution of direct repeats (DR)  
Frequency difference distribution of DR between random R1 sequences from mouse and from rat (100 R1 from each or 10,000 total 
differences) for DR sizes from 6 to 15 bp. The frequency difference between the native mouse and rat mtDNA ( | | |) is also shown with 




Figure A.5: The distributions of left and right DR sequences (≥ 6 bp)  
The distributions of left and right DR in the mtDNA minor and major arcs and the 
mean distributions of R1 random sequences in (a) human, (b) rhesus monkey, (c) 




Figure A.6: DR sizes and free energies  
DR sizes and free energies in native mtDNA and the corresponding R1 random 





Figure A.7: Stem-loop (SL) motifs in rhesus monkey mitochondrial genome 
Abundance and distribution of predicted SL motifs in single-stranded rhesus 
monkey mtDNA heavy strand sequence from the end of D-loop till the beginning 
of L-strand origin of replication respectively. The minimum free energy folded 





Figure A.8: Stem-loop (SL) motifs in mouse mitochondrial genome 
Abundance and distribution of predicted SL motifs in single-stranded mouse 
mtDNA heavy strand sequence from the end of D-loop till the beginning of L-
strand origin of replication respectively. The minimum free energy folded 




Figure A.9: Stem-loop (SL) motifs in rat mitochondrial genome 
Abundance and distribution of predicted SL motifs in single-stranded rat mtDNA 
heavy strand sequence from the end of D-loop till the beginning of L-strand origin 
of replication respectively. The minimum free energy folded structure is depicted 





Figure A.10: Free energy and position-wise distribution of the DRs  
Resolution of DR distribution based on DR free energy and position in R1 
random sequences (n = 100) of human mtDNA. The x- and y- axis values denote 
the midpoint of each corresponding bin, i.e. a bin centered at 5.5 kb denotes a 
range from 5 to 6 kb and similarly, a bin centered at -2 kcal/mol has a range 
between 0 to -4 kcal/mol. 
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Table B.1 Compendium of mammalian mtDNA sequences 
 















1 Tarsipes rostratus honey possum NC_006518.1 1 15446 2.00 0.01 Diprotodontia 
2 Potorous tridactylus long-nosed potoroo NC_006524.1 1 15459 14.50 1.18 Diprotodontia 
3 Vombatus ursinus common wombat NC_003322.1 1 15458 30.00 27.50 Diprotodontia 






NC_006519.1 1 15403 10.10 0.79 Diprotodontia 
6 Trichosurus vulpecula common brushtail NC_003039.1 1 15437 15.90 2.56 Diprotodontia 
7 Lagostrophus fasciatus banded hare-wallaby NC_008447.1 1 15435 6.00 2.15 Diprotodontia 
8 Lagorchestes hirsutus rufous hare-wallaby NC_008136.1 1 15455 13.20 1.34 Diprotodontia 
9 Dactylopsila trivirgata striped possum NC_008134.1 1 15462 9.60 0.41 Diprotodontia 
10 Petaurus breviceps sugar glider NC_008135.1 1 15456 17.80 0.12 Diprotodontia 
11 Phascolarctos cinereus koala NC_008133.1 1 15454 22.10 7.21 Diprotodontia 
12 Distoechurus pennatus 
New Guinean feather-
tailed possum 
NC_008145.1 1 15436 1.50 0.05 Diprotodontia 
131 
 
13 Aotus lemurinus lemurine night monkey FJ785421.1 1 15419 33.80 0.90 Primates 
14 Ateles belzebuth 
white-bellied spider 
monkey 
FJ785422.1 1 15420 40.00 8.15 Primates 
15 Cebus apella Tufted capuchin NC_016666.1 1 15442 46.00 3.05 Primates 
16 Cebus albifrons white-fronted capuchin NC_002763.1 1 15448 44.00 2.20 Primates 
17 Chlorocebus aethiops Cercopithecus aethiops NC_007009.1 1 15442 31.60 4.00 Primates 




aye-aye AB371085.1 1 15448 24.30 2.59 Primates 
20 Galago senegalensis Senegal galago NC_012761.1 1 15491 17.10 0.19 Primates 
21 Otolemur crassicaudatus thick-tailed bush baby AB371093.1 1 15487 22.70 1.33 Primates 
22 Pongo abelii  Sumatran orangutan NC_002083.1 1 15483 58.00 60.00 Primates 
23 Gorilla gorilla western gorilla NC_001645.1 1 15446 55.40 275.00 Primates 
24 Pongo pygmaeus Bornean orangutan NC_001646.1 1 15472 59.00 75.74 Primates 
25 Homo sapiens human NC_012920.1 577 16023 100.00 70.00 Primates 
26 Hylobates lar common gibbon NC_002082.1 1 15443 56.00 5.25 Primates 
27 Nomascus gabriellae Red-cheeked gibbon HQ622806.1 1 15446 50.00 9.00 Primates 
28 Hylobates pileatus pileated gibbon NC_014045.1 1 15453 38.00 6.00 Primates 
29 Hylobates agilis agile gibbon NC_014042.1 1 15450 49.00 5.00 Primates 
30 Propithecus coquereli Coquerel's sifaka NC_011053.1 1 15457 31.00 4.00 Primates 
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31 Lemur catta Ring-tailed lemur NC_004025.1 1 15453 37.30 2.90 Primates 




black lemur NC_012771.1 1 15459 39.00 2.25 Primates 
34 Nycticebus coucang slow loris NC_002765.1 1 15484 26.50 0.80 Primates 
35 Loris tardigradus slender loris NC_012763.1 1 15492 19.30 0.21 Primates 
36 Perodicticus potto potto NC_012764.1 1 15484 26.80 0.86 Primates 
37 Macaca sylvanus Barbary ape NC_002764.1 1 15491 29.10 13.50 Primates 
38 Macaca mulatta Rhesus monkey NC_005943.1 536 16014 40.00 8.00 Primates 
39 Nasalis larvatus proboscis monkey DQ355298.1 1 15467 25.10 14.50 Primates 
40 Pan paniscus pygmy chimpanzee NC_001644.1 1 15442 55.00 44.00 Primates 
41 Papio hamadryas hamadryas baboon NC_001992.1 1 15445 37.60 14.46 Primates 
42 Callicebus donacophilus Bolivian titi FJ785423.1 1 15426 25.00 0.95 Primates 
43 Presbytis melalophos mitred leaf monkey DQ355299.1 1 15463 20.00 6.00 Primates 
44 Semnopithecus entellus Hanuman langur DQ355297.1 1 15456 30.00 11.45 Primates 
45 Tarsius bancanus Horsfield's tarsier NC_002811.1 1 15448 16.30 0.13 Primates 
46 Tarsius syrichta Philippine tarsier NC_012774.1 1 15470 16.00 0.12 Primates 
47 Theropithecus gelada gelada baboon FJ785426.1 1 15450 36.00 17.00 Primates 
48 Aotus azarai azarai Azara's night monkey NC_018115.1 1 15425 30.00 0.80 Primates 
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49 Callicebus cupreus coppery titi NC_021965.1 1 15418 26.40 1.06 Primates 
50 Eulemur mongoz mongoose lemur NC_010300.1 1 15468 36.20 2.35 Primates 
51 Macaca fascicularis crab-eating macaque NC_012670.1 543 16022 39.00 5.45 Primates 
52 Macaca thibetana Pere David's macaque NC_011519.1 543 15991 27.00 10.30 Primates 
53 Pan troglodytes chimpanzee NC_001643.1  1 15441 60.00 46.99 Primates 
54 Papio anubis olive baboon NC_020006.2 1 15441 25.20 19.50 Primates 
55 Papio cynocephalus Yellow baboon NC_020007.2 1 15438 45.00 17.50 Primates 
56 Papio papio Guinea baboon NC_020009.2 1 15441 40.00 19.50 Primates 
57 Papio ursinus Chacma baboon NC_020010.2 1 15435 45.00 23.00 Primates 
58 Saimiri boliviensis Bolivian squirrel monkey NC_021966.1 1 15410 30.30 0.71 Primates 
59 Saimiri sciureus 
common squirrel 
monkey 




Dusky leaf-monkey NC_006900.1 1 15467 33.90 7.03 Primates 
61 Trachypithecus vetulus 
purple-faced leaf 
monkey 
NC_019582.1 1 15461 26.10 7.08 Primates 
62 Varecia variegata 
black and white ruffled 
lemur 
NC_012773.1 1 15475 37.00 3.79 Primates 
63 Cavia porcellus Domestic guinea pig NC_000884.1 1 15444 14.80 0.81 Rodentia 
64 Heterocephalus glaber naked mole-rat JN242813.1 1 15425 31.00 0.05 Rodentia 
65 Jaculus jaculus lesser Egyptian jerboa NC_005314.1 1 15455 7.30 0.06 Rodentia 
66 Mus musculus house mouse NC_005089.1 1 15422 6.00 0.02 Rodentia 
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67 Spalacopus cyanus coruro HM544133.1 1 15473 10.80 0.11 Rodentia 
68 Octodon degus degu HM544134.1 1 15469 14.00 0.22 Rodentia 
69 Apodemus agrarius Eurasian field mouse HM034866.1 1 15406 4.00 0.02 Rodentia 
70 Mesocricetus auratus golden hamster EU660218.1 1 15397 10.00 0.11 Rodentia 
71 Rattus lutreolus Australian swamp rat NC_014858.1 1 15420 4.40 0.11 Rodentia 
72 Rattus norvegicus Norway rat AC_000022.2 1 15403 4.00 0.28 Rodentia 
73 Rattus exulans Polynesian rat NC_012389.1 1 15411 1.25 0.06 Rodentia 




Greater cane rat NC_002658.1 1 15680 5.40 6.00 Rodentia 
76 Acomys cahirinus Egyptian spiny mouse NC_020758.1 1 15379 5.90 0.05 Rodentia 
77 Marmota himalayana Himalayan marmot NC_018367.1 1 15446 15.00 6.60 Rodentia 
78 Nannospalax ehrenbergi  Ehrenberg's mole-rat NC_005315.1  1 15428 20.20 0.15 Rodentia 
79 Pteromys volans  Siberian flying squirrel JQ230001.1 1 15447 11.40 0.13 Rodentia 
80 Rattus fuscipes bush rat NC_014867.1 1 15425 5.30 0.10 Rodentia 
81 Rattus rattus black rat NC_012374.1 1 15407 4.20 0.17 Rodentia 
82 Acinonyx jubatus cheetah NC_005212.1 893 16336 20.50 46.24 Carnivora 
83 Ailuropoda melanoleuca giant panda NC_009492.1 1355 16805 36.80 107.50 Carnivora 
84 Ailurus fulgens lesser panda NC_011124.1 1 15445 19.00 4.99 Carnivora 
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85 Arctocephalus pusillus cape fur seal NC_008417.1 1 15459 32.10 174.52 Carnivora 
86 Arctonyx collaris Eurasian badgers HM106329.1 1 15447 15.80 10.50 Carnivora 
87 Callorhinus ursinus northern fur seal NC_008415.3 1 15457 30.00 206.83 Carnivora 
88 Canis familiaris dog U96639.2 1 15457 29.50 40.00 Carnivora 
89 Canis latrans coyote NC_008093.1 1 15459 21.80 12.85 Carnivora 
90 Crocuta crocuta spotted hyena JF894378.1 804 16250 41.10 62.67 Carnivora 
91 Cuon alpinus dhole GU063864.1 1 15459 16.10 17.92 Carnivora 
92 Cystophora cristata hooded seal NC_008427.1 1 15438 35.00 288.33 Carnivora 
93 Enhydra lutris sea otter NC_009692.1 1 15447 30.00 27.92 Carnivora 
94 Erignathus barbatus  bearded seal NC_008426.1 1 15441 31.00 334.33 Carnivora 
95 Eumetopias jubatus Steller sea lion NC_004030.2 1 15460 32.80 628.33 Carnivora 
96 Felis catus domestic cat U20753.1 866 16314 34.00 4.47 Carnivora 
97 Halichoerus grypus gray seal NC_001602.1 906 16342 46.00 212.67 Carnivora 
98 Herpestes javanicus small Indian mongoose NC_006835 1 15445 16.60 0.62 Carnivora 
99 Hyaena hyaena striped hyena NC_020669.1 787 16225 25.00 36.08 Carnivora 
100 Hydrurga leptonyx  leopard seal NC_008425.1 1 15446 30.00 389.25 Carnivora 
101 Leptonychotes weddellii Weddell seal NC_008424.1 1 15446 25.00 475.00 Carnivora 
102 Lobodon carcinophaga crabeater seal NC_008423.1 1 15447 39.00 250.00 Carnivora 
103 Lutra lutra Eurasian river otter FJ236015.1 1 15446 22.00 8.38 Carnivora 
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104 Lynx rufus bobcat NC_014456.1 892 16340 32.30 9.25 Carnivora 
105 Martes americana American marten HM106324.1 1 15445 17.80 0.86 Carnivora 
106 Martes flavigula yellow-throated marten NC_012141.1 1 15442 16.00 3.13 Carnivora 
107 Martes foina beach marten HM106325.1 1 15443 18.20 1.70 Carnivora 
108 Martes martes European pine marten NC_021749.1 1 15444 18.20 1.13 Carnivora 
109 Martes pennanti fisher HQ705180.1 1 15437 14.30 3.39 Carnivora 
110 Martes zibellina sable NC_011579.1 1 15442 18.40 1.19 Carnivora 
111 Meles anakuma Japanese badger NC_009677.1 1 15439 19.50 7.45 Carnivora 
112 Meles meles Eurasian badger NC_011125.1 1 15442 19.00 11.84 Carnivora 
113 Melogale moschata Chinese ferret-badger HM106328.1 1 15443 19.00 1.56 Carnivora 
114 Mephitis mephitis striped skunk HM106332.1 1 15435 13.90 3.50 Carnivora 
115 Mirounga leonina southern elephant seal NC_008422.1 1 15447 23.70 1900.00 Carnivora 
116 Monachus schauinslandi  Hawaiian monk seal NC_008421.1 1 15451 30.00 198.17 Carnivora 
117 Mustela frenata long-tailed weasel HM106321.1 1 15442 8.80 0.23 Carnivora 
118 Mustela nivalis least weasel HM106319.1 1 15436 9.10 0.04 Carnivora 
119 Mustela putorius European polecat HM106318.1 1 15442 14.00 0.91 Carnivora 
120 Mustela sibirica Siberian weasel HM106317.1 1 15439 9.00 0.58 Carnivora 
121 Nasua nasua ring-tailed coati HM106331.1 1 15467 23.70 4.42 Carnivora 
122 Neofelis nebulosa Clouded leopard NC_008450.1 898 16340 19.80 17.83 Carnivora 
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123 Neophoca cinerea Australian sea lion NC_008419.1 1 15464 24.10 198.33 Carnivora 








Atlantic walrus NC_004029.2 1 15449 40.00 1037.50 Carnivora 
127 Panthera leo persica Asiatic lion KC834784.1 868 16320 30.00 167.75 Carnivora 
128 Panthera pardus leopard NC_010641.1 955 16403 27.30 45.25 Carnivora 
129 Panthera tigris tiger NC_010642.1 928 16379 26.30 192.90 Carnivora 
130 Phoca fasciata ribbon seal NC_008428.1 1 15438 31.00 78.00 Carnivora 
131 Phoca groenlandica harp seal NC_008429.1 1 15436 35.00 145.00 Carnivora 




Amur leopard cat JN392459.1 853 16294 20.00 5.00 Carnivora 
134 Puma concolor puma NC_016470.1 915 16360 23.80 62.30 Carnivora 
135 Pusa caspica Caspian seal NC_008431.1 1 15438 50.00 74.00 Carnivora 
136 Pusa hispida  Ringed seal NC_008433.1 1 15435 46.00 83.33 Carnivora 
137 Pusa sibirica Baikal seal NC_008432.1 1 15439 56.00 90.00 Carnivora 
138 Spilogale putorius eastern spotted skunk NC_010497.1 1 15441 10.50 0.61 Carnivora 
139 Taxidea taxus American badger HM106330.1 1 15455 26.00 8.25 Carnivora 
140 Uncia uncia snow leopard EF551004.1 744 16197 21.20 50.00 Carnivora 
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141 Vulpes vulpes red fox NC_008434.1 1 15459 21.30 6.43 Carnivora 
142 Zalophus californianus California sea lion NC_008416.1 1 15461 35.70 285.00 Carnivora 
143 Addax nasomaculatus Addax JN632591.1 1 15429 28.00 92.50 Artiodactyla 
144 Aepyceros melampus impala JN632592.1 1 15430 25.60 52.50 Artiodactyla 
145 Alcelaphus buselaphus hartebeest JN632594.1 1 15427 22.50 144.67 Artiodactyla 
146 Alces alces Eurasian elk JN632595.1 1 15433 27.00 438.00 Artiodactyla 
147 Ammotragus lervia aoudad NC_009510.1 1 15432 21.70 100.83 Artiodactyla 
148 Antidorcas marsupialis springbok JN632596.1 1 15432 20.00 39.33 Artiodactyla 
149 Antilocapra americana pronghorn JN632597.1 1 15441 16.00 49.47 Artiodactyla 
150 Antilope cervicapra blackbuck NC_012098.1 1 15433 23.90 37.50 Artiodactyla 
151 Axis axis chital JN632599.1 1 15439 20.80 36.00 Artiodactyla 
152 Axis porcinus Hog deer JN632600.1 1 15441 22.90 43.00 Artiodactyla 
153 Bison bison American bison EU177871.1 361 15791 40.00 616.00 Artiodactyla 
154 Bison bonasus European bison NC_014044.1 363 15790 27.00 610.00 Artiodactyla 
155 Bos grunniens domestic yak NC_006380.3 894 16323 26.30 655.67 Artiodactyla 
156 Bos taurus cattle AF492351.1 1 15428 20.00 753.33 Artiodactyla 
157 Bubalus bubalis  Swamp buffalo NC_006295.1 364 15791 34.90 725.00 Artiodactyla 
158 Budorcas taxicolor takin NC_013069.1 1 15432 21.90 243.33 Artiodactyla 
159 Camelus bactrianus Bactrian camel AP003423.1 1 15434 50.00 475.00 Artiodactyla 
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160 Capra caucasica West Caucasian tur JN632609.1 1 15446 19.30 78.33 Artiodactyla 
161 Capra falconeri markhor FJ207525.1 1 15428 19.10 61.00 Artiodactyla 
162 Capra hircus goat NC_005044.2 1 15430 22.00 61.00 Artiodactyla 
163 Capra ibex ibex FJ207526.1 1 15427 22.30 82.50 Artiodactyla 
164 Capra nubiana Nubian ibex FJ207527.1 1 15430 22.40 47.08 Artiodactyla 
165 Capra pyrenaica Spanish ibex FJ207528.1 1 15425 16.00 57.50 Artiodactyla 
166 Capra sibirica Siberian ibex FJ207529.1 1 15430 22.30 86.67 Artiodactyla 
167 Capreolus capreolus  Western roe deer JN632610.1 1 15431 17.50 23.79 Artiodactyla 
168 Capricornis crispus Japanese serow AP003429.1 1 15431 22.00 37.50 Artiodactyla 
169 Cephalophus rufilatus red-flanked duiker JN632621.1 1 15429 15.20 11.00 Artiodactyla 
170 Cephalophus silvicultor yellow-backed duiker JN632622.1 1 15429 22.50 62.33 Artiodactyla 
171 Cervus elaphus red deer NC_007704.2 1 15441 31.50 207.75 Artiodactyla 
172 Cervus nippon kopschi South China sika deer NC_016178.1 1 15439 26.30 42.17 Artiodactyla 
173 Connochaetes gnou black wildebeest JN632626.1 1 15425 21.80 133.08 Artiodactyla 
174 Dama dama fallow deer JN632629.1 1 15439 25.00 60.00 Artiodactyla 
175 Damaliscus pygargus Blesbok FJ207530.1 1 15425 23.00 73.17 Artiodactyla 
176 Elaphodus cephalophus tufted deer NC_008749.1 1 15434 22.70 33.50 Artiodactyla 
177 Elaphurus davidianus Pere David's deer JN632632.1 1 15432 27.50 186.50 Artiodactyla 
178 Gazella dorcas Dorcas gazelle JN632638.1 1 15428 23.70 15.50 Artiodactyla 
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179 Gazella gazella mountain gazelle JN632640.1 1 15427 18.30 23.25 Artiodactyla 
180 Gazella subgutturosa goitered gazelle JN632643.1 1 15429 20.00 36.33 Artiodactyla 
181 Giraffa camelopardalis giraffe AP003424.1 1 15431 39.50 1303.33 Artiodactyla 
182 Hemitragus jayakari Arabian tahr FJ207523.1 1 15434 22.00 26.67 Artiodactyla 




pygmy hippopotamus JN632625.1 1 15505 43.00 216.67 Artiodactyla 
185 Hippocamelus antisensis Peruvian guemal JN632646.1 1 15430 10.60 52.87 Artiodactyla 
186 Hippotragus equinus roan antelope JN632647.1 1 15430 25.90 250.00 Artiodactyla 
187 Hippotragus niger sable antelope JN632648.1 1 15420 22.20 227.67 Artiodactyla 
188 Hydropotes inermis Chinese water deer EU315254.1 1 15429 13.90 14.00 Artiodactyla 
189 Hyemoschus aquaticus Water chevrotain JN632650.1 1 15436 14.00 11.00 Artiodactyla 
190 Kobus ellipsiprymnus waterbuck JN632651.1 1 15422 30.00 211.78 Artiodactyla 
191 Kobus leche lechwe JN632652.1 1 15423 25.40 94.80 Artiodactyla 
192 Lama glama llama AP003426.1 1 15434 28.90 141.67 Artiodactyla 
193 Lama guanicoe guanaco NC_011822.1 1 15434 33.70 127.50 Artiodactyla 
194 Litocranius walleri gerenuk JN632653.1 1 15430 17.30 43.50 Artiodactyla 
195 Madoqua kirkii Kirk's dik-dik JN632654.1 1 15427 17.30 4.67 Artiodactyla 
196 Mazama americana red brocket JN632656.1 1 15435 17.10 36.00 Artiodactyla 
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197 Mazama gouazoupira gray brocket JN632658.1 1 15424 14.80 16.67 Artiodactyla 
198 Muntiacus muntjak muntjak NC_004563.1 1 15442 18.80 23.33 Artiodactyla 
199 Muntiacus reevesi  Chinese muntjac NC_004069.1 1 15435 23.20 19.00 Artiodactyla 
200 Nanger dama  Dama gazelle JN632665.1 1 15434 19.00 55.00 Artiodactyla 
201 Nanger granti Grant's gazelle JN632666.1 1 15433 12.00 55.00 Artiodactyla 
202 Neotragus moschatus suni JN632669.1 1 15430 13.50 5.50 Artiodactyla 
203 Odocoileus hemionus mule deer JN632670.1 1 15437 22.00 83.33 Artiodactyla 
204 Okapia johnstoni okapi JN632674.1 1 15432 33.50 250.00 Artiodactyla 
205 Oreamnos americanus mountain goat FJ207535.1 1 15443 20.80 76.20 Artiodactyla 
206 Oreotragus oreotragus klipspringer JN632675.1 1 15429 25.90 12.67 Artiodactyla 
207 Oryx dammah scimitar-horned oryx NC_016421.1 1 15427 27.50 188.75 Artiodactyla 
208 Oryx gazella gemsbok NC_016422.1 1 15426 23.80 196.67 Artiodactyla 
209 Oryx leucoryx Arabian oryx JN632679.1 1 15427 20.80 143.78 Artiodactyla 
210 Ourebia ourebi oribi JN632680.1 1 15425 15.90 17.00 Artiodactyla 
211 Ovibos moschatus Muskox FJ207536.1 1 15429 27.40 298.33 Artiodactyla 
212 Ovis ammon argali HM236188.1 1 15436 20.00 135.00 Artiodactyla 
213 Ovis aries sheep NC_001941.1 1 15436 22.80 100.00 Artiodactyla 
214 Ovis vignei urial HM236189.1 1 15436 17.00 75.00 Artiodactyla 
215 Ozotoceros bezoarticus pampas deer JN632681.2 1 15425 21.90 34.17 Artiodactyla 
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216 Pelea capreolus common rhebok JN632684.1 1 15422 12.30 25.00 Artiodactyla 
217 Phacochoerus africanus Common warthog NC_008830.1 1277 16719 20.90 100.00 Artiodactyla 
218 Philantomba maxwellii Maxwell's duiker JN632685.1 1 15431 10.00 6.00 Artiodactyla 
219 Philantomba monticola Blue duiker JN632686.1 1 15432 16.00 5.00 Artiodactyla 
220 Potamochoerus porcus Red river hog JN632688.1 1 15439 22.00 88.00 Artiodactyla 
221 Procapra gutturosa Mongolian gazelle JN632689.1 1 15425 12.00 28.33 Artiodactyla 
222 Przewalskium albirostris white-lipped deer NC_016707.1 1 15436 19.00 135.00 Artiodactyla 
223 Pseudois nayaur bharal FJ207537.1 1 15437 20.90 55.00 Artiodactyla 
224 Pudu puda Southern Pudu JN632692.1 1 15426 18.30 10.00 Artiodactyla 
225 Rangifer tarandus reindeer NC_007703.1 1 15435 21.80 158.08 Artiodactyla 
226 Raphicerus campestris steenbok JN632693.1 1 15429 9.30 12.00 Artiodactyla 
227 Redunca arundinum southern reedbuck JN632694.1 1 15439 16.80 59.00 Artiodactyla 
228 Redunca fulvorufula mountain reedbuck JN632695.1 1 15429 15.00 30.00 Artiodactyla 
229 Rucervus eldi Eld's Deer NC_014701.1 1 15434 19.00 100.00 Artiodactyla 
230 Rupicapra pyrenaica Pyrenean chamois FJ207538.1 1 15435 22.00 34.67 Artiodactyla 
231 Rupicapra rupicapra chamois FJ207539.1 1 15432 22.00 39.17 Artiodactyla 
232 Rusa timorensis Javan rusa JN632699.1 1 15440 20.00 117.00 Artiodactyla 
233 Rusa unicolor swinhoei Formosan sambar NC_008414.3 1 15424 26.00 184.50 Artiodactyla 
234 Saiga tatarica Saiga JN632700.1 1 15432 12.00 37.50 Artiodactyla 
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235 Sus scrofa pig AF034253.1 1176 16613 27.00 176.67 Artiodactyla 
236 Sylvicapra grimmia bush duiker JN632701.1 1 15442 15.40 18.50 Artiodactyla 
237 Tragelaphus angasii nyala JN632702.1 1 15429 18.50 100.33 Artiodactyla 
238 Tragelaphus eurycerus bongo JN632703.1 1 15434 21.90 307.50 Artiodactyla 
239 Tragelaphus scriptus bushbuck JN632706.1 1 15429 15.30 55.00 Artiodactyla 
240 Tragelaphus strepsiceros greater kudu JN632708.1 1 15431 23.50 217.50 Artiodactyla 
241 Vicugna vicugna vicugna NC_013558.1 1 15434 31.60 50.00 Artiodactyla 
242 Bos gaurus gaur JN632604.1 1 15447 26.20 825.00 Artiodactyla 
243 Bos javanicus banteng JN632606.1 1 15446 27.10 700.00 Artiodactyla 




Serow NC_020629.1 1 15427 21.00 95.00 Artiodactyla 
246 Cephalophus dorsalis bay duiker NC_020687.1 1 15434 17.50 11.60 Artiodactyla 
247 Cephalophus jentinki Jentink's duiker NC_020688.1 1 15426 21.00 70.00 Artiodactyla 
248 Cephalophus natalensis Natal duiker NC_020690.1 1 15428 15.20 10.00 Artiodactyla 
249 Cephalophus nigrifrons black-fronted duiker NC_020691.1 1 15429 19.70 13.90 Artiodactyla 
250 Connochaetes taurinus brindled gnu NC_020699.1 1 15425 24.30 184.17 Artiodactyla 
251 Gazella bennettii Indian gazelle NC_020703.1 1 15431 12.30 21.31 Artiodactyla 
252 Gazella cuvieri Cuvier's gazelle NC_020704.1 1 15428 17.90 17.50 Artiodactyla 
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253 Gazella leptoceros Rhim gazelle NC_020708.1 1 15430 14.60 48.50 Artiodactyla 
254 Naemorhedus baileyi red goral NC_020722.1 1 15449 19.00 28.86 Artiodactyla 
255 Naemorhedus caudatus Long-tailed goral FJ469673.1 1 15420 20.30 27.00 Artiodactyla 
256 Naemorhedus goral   NC_021381.1 1 15427 17.60 28.92 Artiodactyla 
257 Pecari tajacu collared peccary JN632683.1 1 15436 31.50 20.07 Artiodactyla 
258 Rucervus duvaucelii barasingha NC_020743.1 1 15440 23.00 176.50 Artiodactyla 
259 Syncerus caffer African buffalo JQ235505.1 361 15788 29.80 700.00 Artiodactyla 








Antarctic minke whale NC_006926.1 1 15482 73.00 8119.30 Cetacea 
263 Balaenoptera borealis sei whale NC_006929.1 1 15476 74.00 20000.00 Cetacea 
264 Balaenoptera musculus Blue whale NC_001601.1 422 15887 110.00 163000.00 Cetacea 
265 Balaenoptera physalus Fin whale NC_001321.1 422 15890 116.00 70000.00 Cetacea 
266 Berardius bairdii  Baird's beaked whale NC_005274.1 1 15466 84.00 10190.00 Cetacea 
267 Eschrichtius robustus grey whale NC_005270.1 1 15478 77.00 32250.00 Cetacea 




short-finned pilot whale HM060333.1 1 15471 63.00 2200.00 Cetacea 
270 Globicephala melas long-finned pilot whale HM060334.1 1 15474 60.00 2220.00 Cetacea 
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271 Grampus griseus Risso's dolphin NC_012062.1 1 15472 42.50 408.33 Cetacea 
272 Hyperoodon ampullatus 
northern bottlenose 
whale 
NC_005273.1 1 15468 37.00 6600.00 Cetacea 
273 Inia geoffrensis boutu NC_005276.1 1 15475 31.30 122.50 Cetacea 
274 Kogia breviceps pygmy sperm whale NC_005272.1 1 15467 17.00 393.80 Cetacea 
275 Lipotes vexillifer Yangtze River dolphin NC_007629.1 1 15471 24.00 97.50 Cetacea 
276 Megaptera novaeangliae humpback whale NC_006927.1 1 15483 95.00 30000.00 Cetacea 
277 Monodon monoceros narwhal NC_005279.1 1 15468 50.00 1250.00 Cetacea 
278 Orcaella brevirostris Irrawaddy dolphin JF289177.1 1 15468 32.00 145.67 Cetacea 
279 Peponocephala electra melon-headed whale JF289176.1 1 15472 47.00 217.00 Cetacea 
280 Phocoena phocoena  harbor porpoise NC_005280.1 1 15473 20.40 52.50 Cetacea 
281 Physeter catodon sperm whale NC_002503.2 1 15474 77.00 37833.33 Cetacea 
282 Platanista minor Indus River dolphin NC_005275.1 1 15467 28.00 84.00 Cetacea 
283 Pontoporia blainvillei franciscana NC_005277.1 1 15468 16.00 32.83 Cetacea 
284 Pseudorca crassidens false killer whale HM060332.1 1 15476 62.50 1168.62 Cetacea 
285 Sousa chinensis Chinese white dolphin NC_012057.1 1 15473 40.00 270.00 Cetacea 
286 Stenella attenuata bridled dolphin NC_012051.1 1 15471 46.00 112.50 Cetacea 
287 Stenella coeruleoalba striped dolphin NC_012053.1 1 15471 57.50 112.50 Cetacea 
288 Tursiops truncatus bottlenosed dolphin NC_012059.1 1 15471 51.60 320.00 Cetacea 
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289 Balaenoptera edeni pygmy Bryde's whale NC_007938.1 1 15473 72.00 16000.00 Cetacea 






NC_021461.1 1 15473 33.00 35.83 Cetacea 
292 Orcaella heinsohni 
Australian snubfin 
dolphin 
NC_019591.1 1 15474 28.00 123.50 Cetacea 
293 Tursiops aduncus 
Indo-pacific bottlenose 
dolphin 
NC_012058.1 1 15471 49.00 230.00 Cetacea 













Table B.2: Compendium of avian mtDNA sequences 
Control regions present at multiple locations within the avian mtDNA sequences were excluded for the DR scan.  
  Taxonomic Name Common Name NCBI Reference 
mtDNA positions used for DR scan 
start stop start stop start stop 
1 Acrocephalus scirpaceus Eurasian reed warbler NC_010227 1 14903 16026 16697     
2 Aegithalos bonvaloti Black-headed tit KF951087 1 14919 16079 16744     
3  Aegithalos caudatus caudatus Long-tailed tit KF951088 1 14913 16065 16731     
4 Aegithalos fuliginosus   KF951086 1 14927 16079 16744     
5 Aegithalos glaucogularis silver-throated tit KF951089 1 14913 16065 16731     
6 Aegypius monachus black vulture KF682364 1 14875 16101 16786     
7 Alauda arvensis Eurasian skylark JQ322641 1 14872 16025 16691     
8 Buteo buteo common buzzard AF380305 1 14878 16551 17219     
9 Cecropis daurica   KJ499911 1 14848 15943 16612 17881 17949 
10 Cnemotriccus fuscatus fuscous flycatcher AY596278 1 14878 16319 16993     
11 Eudromia elegans elegant crested-tinamou AF338710 1 14919 16364 16955     
12 Eudynamys taitensis longtailed cuckoo EU410487 1 14879 16569 17447     
13 Falco peregrinus peregrine falcon AF090338 1 14928 16439 17118     
14 Falco sparverius   DQ780880 1 14933 16403 17263 17507 17507 
15 Falco tinnunculus common kestrel EU196361 1 14920 16187 16867     
16 Garrulax canorus Chinese hwamei NC_020429 1 14897 15966 16635     
17 Geococcyx californianus   EU410488 1 14874 16044 16869     
18 Leiothrix argentauris silver-eared mesia HQ690245 1 14910 16004 16669     
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19 Leiothrix lutea red-billed leiothrix JQ423933 1 14913 15991 16657     
20 Melopsittacus undulatus budgerigar EF450826 1 14856 16164 16815     
21 Menura novaehollandiae superb lyrebird AY542313 1 14891 16999 17666     
22 Micrastur gilvicollis   DQ780881 1 14942 16482 17285     
23 Pandion haliaetus   DQ780884 1 14850 16007 16675     
24 Petroica boodang scarlet robin JX901074 1 14904 16002 16680     
25 Petroica goodenovii red-capped robin JX901075 1 14898 16892 16660     
26 Petroica phoenicea flame robin JX901076 1 14903 16001 16670     
27 Phoenicopterus roseus greater flamingo NC_010089 1 14883 16173 16857     
28 Progne chalybea   JQ071623 1 14838 15910 16582 17963 18030 
29 Pteroglossus azara flavirostris   DQ780882 1 14843 16575 17243     
30 Pycnonotus sinensis hainanus   KJ147475 1 14903 16015 16693     
31 Pycnonotus taivanus Taiwan bulbul FJ378536 1 14903 16016 16694     
32 Smithornis sharpei   AF090340 1 14921 16375 17043     
33 Spilornis cheela crested serpent eagle JN191388 1 1215 2360 3032 4565 18291 
34 Sylvia atricapilla blackcap NC_010228 1 14901 16009 16677     
35 Sylvia crassirostris eastern orphean warbler NC_010229 1 14903 16020 16683     
36 Tachycineta albilinea   JQ071619 1 14840 15920 16588 17856 17923 
37 Tachycineta albiventer   JQ071620 1 14842 15922 16608 17849 17916 
38 Tachycineta bicolor   JQ071614 1 14832 15899 16566 17878 17945 
39 Tachycineta cyaneoviridis   JQ071617 1 14834 15922 16593 18087 18154 
40 Tachycineta euchrysea   JQ071616 1 14839 15922 16591 17862 17929 
41 Tachycineta leucorrhoa   JQ071621 1 14837 15921 16595 17898 17965 
42 Tachycineta meyeni   JQ071622 1 14838 15954 16628 17945 18012 
43 Tachycineta stolzmanni   JQ071618 1 14837 15931 16598 17865 17932 
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44 Tachycineta thalassina   JQ071615 1 14837 16117 16789 18051 18118 
45 Acridotheres cristatellus crested myna JF810423 1 15570         
46 Sturnus tristis common myna HQ915864 1 15571         
47 Aegotheles cristatus owlet nightjar EU344979 1 15553         
48 Agapornis roseicollis peach-faced lovebird EU410486 1 15505         
49 Agelaius phoeniceus red-winged blackbird JX516062 1 15568         
50 Aix galericulata mandarin duck KJ169568 1 15569         
51 Alectura lathami australian brush-turkey AY346091 1 15578         
52 Amazilia versicolor   KF624601  1 15575         
53 Amblyramphus holosericeus scarlet-headed blackbird JX516063 1 15562         
54  Anas crecca Common teal KF203133 1 15555         
55 Anas formosa Baikal teal JF730435 1 15549         
56 Anas poecilorhyncha Indian spot-billed duck KF156760 1 15555         
57 Anomalopteryx didiformis little bush moa NC_002779  1 15566         
58 Anser albifrons white-fronted goose AF363031 1 15563         
59 Anser fabalis bean goose HQ890328 1 15506         
60 Anseranas semipalmata magpie goose AY309455 1 15535         
61 Anthropoides paradiseus   FJ769844 1 15544         
62 Anthropoides virgo demoiselle crane FJ769845 1 15544         
63 Aphrodroma brevirostris Kerguelen petrel AY158678 1 15602         
64 Apteryx haastii Great spotted kiwi AF338708 1 15629         
65 Apteryx owenii little spotted kiwi GU071052 1 15659         




  JQ782214  1 15516         
68 Archilochus colubris   EF532935 1 15569         
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69 Ardea novaehollandiae   DQ780878 1 15589         
70 Balearica pavonina crowned crane FJ769842 1 15554         
71 Balearica regulorum   FJ769841 1 15554         
72 Brotogeris cyanoptera   HM627323 1 12726 14594 17369     
73 Bucorvus leadbeateri southern ground hornbill HM640209 1 12762 14253 17061     
74 Bycanistes brevis silvery-cheeked hornbill HM640210 1 12762 14789 17591     
75 Cacatua moluccensis salmon-crested cockatoo JF414239 1 15568         
76 Calyptorhynchus baudinii 
Long-billed White-tailed 
Black-Cockatoo 
JF414242 1 15579         
77 Calyptorhynchus lathami Glossy Black-Cockatoo JF414241 1 15579         
78 Calyptorhynchus latirostris 
Short-billed White-tailed 
Black-Cockatoo 
JF414243 1 15579         
79 Carduelis sinica oriental greenfinch HQ915865 1 15576         
80 Carduelis spinus Eurasian siskin HQ915866 1 15587         
81 Casuarius casuarius southern cassowary AF338713 1 15618         
82 Cathartes aura turkey vulture AY463690 1 15602         
83 Ceryle rudis   KJ461938 1 15481         
84 Chrysomus cyanopus unicoloured blackbird JX516076 1 15570         
85 Chrysomus icterocephalus yellow-hooded blackbird JX516060 1 15569         
86 Chrysomus ruficapillus chestnut-capped blackbird JX516056 1 15569         
87 Chrysomus thilius yellow-winged blackbird JX516069 1 15569         
88 Chrysomus xanthophthalmus pale-eyed blackbird JX516059 1 15569         
89 Columba livia rock pigeon GU908131 1 15572         
90 Corvus frugilegus   Y18522 1 15592 16931 16931     
91 Curaeus curaeus austral blackbird JX516070 1 15562         
92 Cyanopica cyanus azure-winged magpie JN108020 1 15577         
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93 Cyanoptila cyanomelana   HQ896033 1 15561         
94 Cygnus atratus black swan FJ379295 1 1892 3077 16748     
95 Cygnus columbianus tundra swan DQ083161 1 1890 3050 16728     
96 Dendrocygna javanica lesser whistling duck FJ379296 1 1898 3086 16753     
97 Dives dives Melodious blackbird JX516061 1 15566         
98 Dromaius novaehollandiae emu AF338711 1 15618         
99 Emberiza aureola yellow-breasted bunting KF111713 1 15582         
100 Emberiza chrysophrys yellow-browed bunting HQ896034 1 15585         
101 Emberiza pusilla   KC407232 1 15578         
102 Emberiza spodocephala   KC758647  1 15581         
103 Emberiza tristrami Tristram's bunting HQ896035 1 15572         
104 Epthianura albifrons white-fronted chat NC_019664 1 15642         
105 Eudyptula minor little blue penguin AF362763 1 15571         
106 Euphagus cyanocephalus Brewer's blackbird JX516072 1 15570         
107 Eurystomus orientalis dollar bird EU344978 1 15584         
108 Ficedula zanthopygia yellow-rumped flycatcher JN018411 1 15581         
109 Fringilla montifringilla brambling JQ922259 1 15575         
110 Gallinula chloropus common moorhen HQ896036 1 1894 3412 17027     
111 Garrulus glandarius Eurasian jay JN018413 1 15600         
112 Gavia stellata red-throated loon AY293618 1 15589         
113 Geotrygon violacea violaceous quail-dove HM640213 1 12764 14081 16864     
114 Gnorimopsar chopi Chopi blackbird JX516055 1 15568         
115 Gracula religiosa hill myna JF937590 1 15569         
116 Grus americana whooping crane FJ769848 1 15545         
117 Grus antigone Sarus crane FJ769854 1 15545         
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118 Grus canadensis sandhill crane FJ769855 1 15550         
119 Grus carunculatus wattled crane FJ769843 1 15545         
120 Grus grus Eurasian crane FJ769849 1 15546         
121 Grus japonensis Japanese crane FJ769847 1 15548         
122 Grus leucogeranus Siberian crane FJ769846 1 15541         
123 Grus monacha hooded crane FJ769850 1 15546         
124 Grus nigricollis black-necked crane FJ769851  1 15543         
125 Grus rubicunda brolga FJ769853 1 15539         
126 Grus vipio white-naped crane FJ769852 1 15545         
127 Gymnomystax mexicanus oriole blackbird JX516075 1 15571         
128 Halcyon pileata black-capped kingfisher NC_024198 1 15486         
129 Hemiphaga novaeseelandiae New Zealand pigeon EU725864 1 15574         
130 Ixobrychus cinnamomeus cinnamon bittern HQ690247 1 15571         
131 Jacana jacana wattled jacana KJ631049 1 15529         
132 Jacana spinosa northern jacana KJ631048 1 15528         
133 Lanius tephronotus   JX486029 1 15575         
134 Larus dominicanus southern black-backed gull NC_007006 1 15546         
135 Leptotila verreauxi  white-tipped dove HM640214 1 12785 14398 17176     
136 Luscinia calliope Siberian rubythroat HQ690246 1 15584         
137 Macroagelaius imthurni 
golden-tufted mountain 
grackle 
JX516073 1 15562         
138 Meleagris gallopavo turkey EF153719 1 15553         
139 Molothrus aeneus bronzed cowbird JX516067 1 15563         
140 Molothrus badius bay-winged cowbird JX516074 1 15568         
141 Montifringilla ruficollis rufous-necked snowfinch KC836121 1 15604         
142 Neophema chrysogaster Orange-bellied parrot JX133087 1 10154 12659 18043     
153 
 
143 Nesopsar nigerrimus Jamaican blackbird JX516054 1 15574         
144 Ninox novaeseelandiae morepork AY309457 1 15561         
145 Nucifraga columbiana   KF509923 1 15587         
146 Nycticorax nycticorax black-crowned night-heron JN018412 1 15585         
147 Nymphicus hollandicus cockatiel HM640215 1 12786 14028 16781     
148 Oreopsar bolivianus Bolivian blackbird JX516058 1 15571         
149 Oriolus chinensis black-naped oriole JQ083495 1 15581         
150 Pericrocotus ethologus long-tailed minivet JX256246 1 15606         
151 Pica pica Common magpie HQ915867 1 15585         
152 Podoces hendersoni Mongolian ground-jay GU592504 1 15577         
153 Porphyrio hochstetteri South Island takahe EF532934 1 15536         
154 Pseudoleistes guirahuro yellow-rumped marshbird JX516071 1 15567         
155 Pseudoleistes virescens brown-and-yellow marshbird NC_018805 1 15566         
156 Pterocnemia pennata   AF338709 1 15545         
157 Pygoscelis adeliae Adelie penguin KC875855 1 15568         
158 Pygoscelis antarcticus chinstrap penguin KF020634 1 15557         
159 Quiscalus quiscula common grackle JX516064 1 15576         
160 Remiz consobrinus   KC463856 1 15568         
161 Rhea americana greater rhea NC_000846 1 15543         
162 Rhynchopsitta terrisi Maroon-fronted Parrot KF010318 1 15505         
163 Rhynochetos jubatus kagu EF532933 1 15523         
164 Sagittarius serpentarius   KF961184 1 15656         
165 Saundersilarus saundersi Saunders's gull JQ071443 1 15546         
166 Spheniscus demersus jackass penguin KC914350 1 15588         
167 Strigops habroptilus kakapo AY309456 1 15530         
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168 Strix leptogrammica   KC953095 1 15566         
169 Struthio camelus African ostrich AF338715 1 15561         
170 Sturnus cineraceus   HQ896037 1 15572         
171 Sturnus nigricollis black-collared starling NC_020423 1 15586         
172 Sturnus sericeus red-billed starling HM859900 1 15573         
173 Tachybaptus novaehollandiae Australasian grebe EF532936 1 15565         
174 Tinamus major great tinamou AF338707 1 15599         
175 Todiramphus sanctus vagans 
New Zealand sacred 
kingfisher 
EU410489 1 15461         
176 Trogon viridis white-tailed trogon EU410490 1 15623         
177 Urocissa erythrorhyncha blue magpie JQ423932 1 15583         
178 Xanthopsar flavus saffron-cowled blackbird JX516065 1 15571         
179 Zenaida auriculata eared dove HM640211 1 12757 13990 16781     
180 Aratinga pertinax chrysogenys 
Brazilian brown-throated 
parakeet 
NC_015197  1 12743 14217 16980     
181 Acryllium vulturinum vulturine guineafowl FJ752436 1170 16748         
182 Alectoris chukar chukar partridge FJ752426 1155 16686         
183 Anas falcata   KC759527 1049 16601         
184 Anas platyrhynchos mallard EU009397 1050 16604         
185 Arborophila rufipectus Sichuan partridge FJ194942 1177 16728         
186 Arborophila rufogularis   FJ752424 1179 16726         
187 Aythya americana redhead AF090337 1067 16616         
188 Bambusicola fytchii   FJ752423 1175 16726         
189 Bambusicola thoracica Chinese bamboo-partridge EU165706 1147 16726         
190 Cairina moschata Muscovy duck EU755254 1041 16610         
191 Chrysolophus amherstiae Lady Amherst's pheasant FJ752434 1149 16677         
155 
 
192 Chrysolophus pictus golden pheasant FJ752433 1149 16678         
193 Ciconia boyciana   AB026193 2054 17622         
194  Ciconia ciconia   AB026818 1780 17347         
195 Ciconia nigra black stork KF906246 2207 17795         
196 Coturnix chinensis   AB073301 1151 16687         
197 Crossoptilon auritum blue eared-pheasant JF937589 1147 16687         
198 Crossoptilon crossoptilon white-eared pheasant HQ891119 1147 16680         
199 Dinornis giganteus giant moa AY016013 1509 17070         
200 Egretta eulophotes  Chinese egret EU072995 1998 17579         
201 Emeus crassus eastern moa AY016015 1502 17061         
202 Francolinus pintadeanus Chinese francolin EU165707 1170 16694         
203 Gallus gallus chicken KF939304 1233 16785         
204 Gallus sonneratii gray junglefowl NC_007240 1293 16841         
205 Gallus varius green junglefowl NC_007238 1229 16783         
206 Ithaginis cruentus   JF921875 1149 16683         
207 Lophophorus lhuysii Chinese monal GQ871234 1167 16712         
208 Lophophorus sclateri Sclater's monal FJ752432 1168 16707         
209 Lophura nycthemera silver pheasant EU417810 1149 16680         
210 Lophura swinhoii   KF218954 1152 16693         
211 Mergus squamatus scaly-sided merganser HQ833701 1054 16595         
212 Numida meleagris helmeted guineafowl AP005595 1170 16726         
213 Otis tarda great bustard FJ751803 1266 16849         
214 Pavo muticus green peafowl EU417811 1157 16698         
215 Perdix dauurica Daurian partridge FJ752431 1154 16695         
216 Perdix hodgsoniae Tibetan partridge KF027440 1153 16699         
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217 Phasianus colchicus Ring-necked pheasant FJ752430 1145 16683         
218 Phasianus versicolor green pheasant NC_010778 1151 16690         
219 Platalea leucorodia Eurasian spoonbill GQ199608 1141 16715         
220 Platalea minor black-faced spoonbill EF455490 1353 16918         
221 Polyplectron bicalcaratum gray peacock-pheasant EU417812 1171 16702         
222 Polyplectron germaini   KF422893 1166 16699         
223 Pucrasia macrolopha   FJ752429 1155 16696         
224 Syrmaticus ellioti Elliot's pheasant NC_010771 1154 16688         
225 Syrmaticus humiae Hume's pheasant NC_010774 1154 16686         




Ijima copper pheasant NC_010767 1153 16690         
228 Tetraogallus tibetanus Tibetan snowcock KF027439 1154 16692         
229 Tetraophasis obscurus   JF921876 1168 16707         
230 Tetraophasis szechenyii   FJ752428 1168 16709         
231 Tetrastes bonasia   FJ752435 1142 16673         
232 Threskiornis aethiopicus Sacred Ibis GQ358927 1383 16960         
233 Tragopan caboti   GU187969 1178 16727         
234 Tragopan temminckii   FJ752427 1179 16728         
235 Vidua chalybeata   AF090341 1296 16895         




Table B.3: Inter-taxonomic order DR counts comparison.  
Pairwise comparisons with statistically significant differences are highlighted in red. 
Datasets Compared 
 Two sided MWU-test  p-values 
≥ 5 bp 5 bp 6 bp 7 bp 8 bp 9 bp 10 bp 11 bp 12 bp ≥ 13 bp 
Dataset 1 Dataset 2 
Diprotodontia Primates 0.55 0.44 0.53 0.71 0.81 0.84 0.98 0.41 0.06 0.04 
Diprotodontia Rodentia 0.09 0.10 0.09 0.08 0.05 0.04 0.04 0.01 0.01 0.06 
Diprotodontia Carnivora 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.57 0.84 
Diprotodontia Artiodactyla 0.00 0.00 0.00 0.01 0.10 0.22 0.32 0.92 0.13 0.10 
Diprotodontia Cetacea 0.87 0.60 0.89 0.63 0.24 0.16 0.08 0.02 0.02 0.12 
Primates Rodentia 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.10 0.93 
Primates Carnivora 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Primates Artiodactyla 0.00 0.00 0.00 0.00 0.00 0.06 0.05 0.16 0.20 0.10 
Primates Cetacea 0.95 0.80 0.96 0.36 0.23 0.01 0.01 0.02 0.41 0.32 
Rodentia Carnivora 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 
Rodentia Artiodactyla 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.22 
Rodentia Cetacea 0.00 0.00 0.00 0.00 0.01 0.05 0.05 0.07 0.14 0.33 
Carnivora Artiodactyla 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Carnivora Cetacea 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 





Table B.4: Comparison of DR counts in Carnivora with other taxonomic orders. 
Pairwise comparisons with statistically significant differences are highlighted in red. 
Datasets Compared 
One sided MWU-test p-values ( H1: Dataset 1 < Dataset 2 )  
DR lengths 
Dataset 1 Dataset 2 5 6 7 8 9 10 11 12 ≥ 13 ≥ 5 
Carnivora Diprotodontia 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.29 0.42 0.00 
Carnivora Primates 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Carnivora Rodentia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Carnivora Artiodactyla 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 










Table B.5: Correlation Analysis between species maximum lifespan and DR counts  
I adopted the following procedure for the correlation analysis. If a significant correlation was observed between logarithm of lifespan 
and the DR count, I then checked for the mutual correlation among logarithm of lifespan, logarithm of body mass and number of DRs. 
If there was a significant mutual correlation among these three variables, then I performed a partial correlation analysis to quantify the 
correlation between logarithm of lifespan and DR count controlling for the logarithm of body mass. 
Dataset DR length 
Simple Correlation Partial Correlation 
log10(LS) - DR count log10(LS) - log10(BM) log10(BM) - DR count log10(LS) - DR count 
r p r p r p r p 
Diprotodontia 
5 0.17 0.59 - - - - - - 
6 0.21 0.51 - - - - - - 
7 0.26 0.42 - - - - - - 
8 0.28 0.38 - - - - - - 
9 0.34 0.28 - - - - - - 
10 0.44 0.15 - - - - - - 
11 0.24 0.46 - - - - - - 
12 0.18 0.58 - - - - - - 
≥ 13 0.35 0.26 - - - - - - 
≥ 5 0.19 0.54 - - - - - - 
Primates 5 0.07 0.63 - - - - - - 
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6 0.12 0.42 - - - - - - 
7 0.18 0.22 - - - - - - 
8 0.21 0.14 - - - - - - 
9 0.24 0.10 - - - - - - 
10 0.26 0.06 - - - - - - 
11 0.12 0.40 - - - - - - 
12 0.07 0.62 - - - - - - 
≥ 13 -0.09 0.55 - - - - - - 
≥ 5 0.10 0.50 - - - - - - 
Rodentia 
5 -0.24 0.31 - - - - - - 
6 -0.23 0.35 - - - - - - 
7 -0.21 0.39 - - - - - - 
8 -0.19 0.44 - - - - - - 
9 -0.17 0.48 - - - - - - 
10 -0.15 0.53 - - - - - - 
11 -0.26 0.28 - - - - - - 
12 -0.32 0.19 - - - - - - 
≥ 13 -0.22 0.36 - - - - - - 




5 -0.04 0.77 - - - - - - 
6 0.01 0.92 - - - - - - 
7 0.09 0.48 - - - - - - 
8 0.13 0.30 - - - - - - 
9 0.15 0.25 - - - - - - 
10 0.19 0.14 - - - - - - 
11 0.10 0.43 - - - - - - 
12 0.09 0.49 - - - - - - 
≥ 13 -0.07 0.61 - - - - - - 
≥ 5 -0.01 0.95 - - - - - - 
Artiodactyla 
5 -0.32 0.00 0.67 0.00 -0.22 0.01 -0.23 0.01 
6 -0.30 0.00 0.67 0.00 -0.21 0.02 -0.21 0.02 
7 -0.27 0.00 0.67 0.00 -0.19 0.04 -0.19 0.04 
8 -0.23 0.01 0.67 0.00 -0.17 0.07 - - 
9 -0.17 0.06 - - - - - - 
10 -0.12 0.19 - - - - - - 
11 -0.12 0.20 - - - - - - 
12 -0.08 0.37 - - - - - - 
≥ 13 -0.13 0.16 - - - - - - 
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≥ 5 -0.31 0.00 0.67 0.00 -0.22 0.02 -0.22 0.02 
Cetacea 
5 0.20 0.25 - - - - - - 
6 0.26 0.13 - - - - - - 
7 0.33 0.05 0.83 0.00 0.30 0.08 - - 
8 0.42 0.01 0.83 0.00 0.40 0.02 0.18 0.32 
9 0.51 0.00 0.83 0.00 0.50 0.00 0.20 0.25 
10 0.50 0.00 0.83 0.00 0.49 0.00 0.19 0.29 
11 0.44 0.01 0.83 0.00 0.48 0.00 0.07 0.68 
12 0.30 0.08 - - - - - - 
≥ 13 0.11 0.52 - - - - - - 
≥ 5 0.24 0.16 - - - - - - 
Total Mammals 
5 -0.12 0.04 0.68 0.00 -0.12 0.04 -0.06 0.32 
6 -0.10 0.10 - - - - - - 
7 -0.04 0.45 - - - - - - 
8 0.00 0.99 - - - - - - 
9 0.04 0.45 - - - - - - 
10 0.08 0.18 - - - - - - 
11 0.04 0.53 - - - - - - 
12 0.02 0.77 - - - - - - 
163 
 
≥ 13 -0.01 0.81 - - - - - - 




Table B.6: Comparison of DR counts between short lived and long lived mammals using 50th percentile value of lifespan 
Pairwise comparisons with statistically significant differences are highlighted in red. 
DataSet DR length 
Median DR frequency 
MWU-test ( for 50th percentile ) 
H0: short lived = long lived H0: short lived = long lived H0: short lived = long lived 
Short Long H1: short lived ≠ long lived H1: short lived > long lived H1: short lived < long lived 
lived lived p h p h p h 
All Mammals 5 196100.00 196830.00 0.84 0 0.58 0 0.42 0 
All Mammals 6 55564.00 55865.00 0.54 0 0.73 0 0.27 0 
All Mammals 7 15936.00 16110.00 0.27 0 0.86 0 0.14 0 
All Mammals 8 4598.00 4653.00 0.18 0 0.91 0 0.09 0 
All Mammals 9 1337.00 1363.00 0.24 0 0.88 0 0.12 0 
All Mammals 10 389.00 403.00 0.12 0 0.94 0 0.06 0 
All Mammals 11 118.00 119.00 0.39 0 0.80 0 0.20 0 
All Mammals 12 35.00 37.00 0.61 0 0.69 0 0.31 0 
All Mammals ≥ 13 15.00 14.00 0.58 0 0.29 0 0.71 0 
All Mammals ≥ 5 274020.00 275270.00 0.69 0 0.66 0 0.34 0 
Primates 5 197350.00 198380.00 0.17 0 0.92 0 0.08 0 
Primates 6 55904.00 56530.00 0.19 0 0.91 0 0.10 0 
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Primates 7 16133.00 16379.00 0.11 0 0.95 0 0.05 0 
Primates 8 4697.00 4755.00 0.08 0 0.96 0 0.04 1 
Primates 9 1324.00 1377.00 0.04 1 0.98 0 0.02 1 
Primates 10 387.00 410.00 0.01 1 1.00 0 0.00 1 
Primates 11 117.00 127.00 0.02 1 0.99 0 0.01 1 
Primates 12 35.00 40.00 0.03 1 0.99 0 0.01 1 
Primates ≥ 13 14.00 19.00 0.49 0 0.76 0 0.25 0 
Primates ≥ 5 275930.00 277930.00 0.15 0 0.93 0 0.08 0 
Carnivora 5 184880.00 187380.00 0.27 0 0.87 0 0.13 0 
Carnivora 6 51631.00 52873.00 0.21 0 0.90 0 0.10 0 
Carnivora 7 14693.00 15236.00 0.10 0 0.95 0 0.05 1 
Carnivora 8 4205.50 4357.00 0.04 1 0.98 0 0.02 1 
Carnivora 9 1198.50 1282.00 0.04 1 0.98 0 0.02 1 
Carnivora 10 333.50 380.00 0.01 1 0.99 0 0.01 1 
Carnivora 11 97.00 111.00 0.05 1 0.98 0 0.02 1 
Carnivora 12 29.50 35.00 0.20 0 0.90 0 0.10 0 
Carnivora ≥ 13 12.50 11.00 0.48 0 0.24 0 0.76 0 
Carnivora ≥ 5 256840.00 261560.00 0.23 0 0.89 0 0.11 0 
Artiodactyla 5 196110.00 194500.00 0.03 1 0.01 1 0.99 0 
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Artiodactyla 6 55614.00 55099.00 0.03 1 0.01 1 0.99 0 
Artiodactyla 7 16000.00 15883.00 0.06 0 0.03 1 0.97 0 
Artiodactyla 8 4624.00 4593.00 0.08 0 0.04 1 0.96 0 
Artiodactyla 9 1353.50 1330.00 0.19 0 0.09 0 0.91 0 
Artiodactyla 10 393.50 384.00 0.08 0 0.04 1 0.96 0 
Artiodactyla 11 121.00 114.00 0.02 1 0.01 1 0.99 0 
Artiodactyla 12 36.00 35.00 0.05 0 0.03 1 0.97 0 
Artiodactyla ≥ 13 17.50 14.00 0.01 1 0.01 1 0.99 0 












Table B.7: Comparison of DR counts between short lived and long lived mammals using 75th percentile value of lifespan 
Pairwise comparisons with statistically significant differences are highlighted in red. 
DataSet DR length 
Median DR frequency 
MWU-test ( for 75th percentile ) 
H0: short lived = long lived H0: short lived = long lived H0: short lived = long lived 
Short Long H1: short lived ≠ long lived H1: short lived > long lived H1: short lived < long lived 
lived lived p h p h p h 
All Mammals 5 195650.00 197670.00 0.17 0 0.92 0 0.08 0 
All Mammals 6 55532.00 56312.00 0.13 0 0.94 0 0.06 0 
All Mammals 7 15940.00 16310.00 0.04 1 0.98 0 0.02 1 
All Mammals 8 4599.50 4757.50 0.01 1 0.99 0 0.01 1 
All Mammals 9 1334.50 1386.50 0.01 1 1.00 0 0.00 1 
All Mammals 10 387.50 418.00 0.00 1 1.00 0 0.00 1 
All Mammals 11 117.00 127.00 0.00 1 1.00 0 0.00 1 
All Mammals 12 35.00 38.50 0.00 1 1.00 0 0.00 1 
All Mammals ≥ 13 15.00 15.50 0.45 0 0.77 0 0.23 0 
All Mammals ≥ 5 273590.00 277120.00 0.12 0 0.94 0 0.06 0 
Primates 5 198200.00 198160.00 0.77 0 0.62 0 0.39 0 
Primates 6 56443.00 56494.00 0.57 0 0.72 0 0.28 0 
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Primates 7 16323.00 16396.00 0.38 0 0.82 0 0.19 0 
Primates 8 4722.00 4811.00 0.28 0 0.87 0 0.14 0 
Primates 9 1371.00 1377.00 0.19 0 0.91 0 0.09 0 
Primates 10 394.00 407.00 0.12 0 0.94 0 0.06 0 
Primates 11 119.00 127.00 0.35 0 0.83 0 0.17 0 
Primates 12 38.00 38.00 0.81 0 0.60 0 0.40 0 
Primates ≥ 13 17.00 18.00 0.23 0 0.12 0 0.89 0 
Primates ≥ 5 277830.00 277930.00 0.63 0 0.69 0 0.31 0 
Carnivora 5 188200.00 186870.00 0.81 0 0.60 0 0.40 0 
Carnivora 6 53076.00 52828.00 0.69 0 0.66 0 0.35 0 
Carnivora 7 15136.00 15236.00 0.38 0 0.81 0 0.19 0 
Carnivora 8 4261.50 4356.00 0.21 0 0.90 0 0.11 0 
Carnivora 9 1207.00 1269.00 0.18 0 0.91 0 0.09 0 
Carnivora 10 346.00 371.00 0.09 0 0.96 0 0.05 1 
Carnivora 11 102.00 106.00 0.37 0 0.82 0 0.19 0 
Carnivora 12 31.00 32.00 0.66 0 0.67 0 0.33 0 
Carnivora ≥ 13 12.00 11.00 0.74 0 0.37 0 0.64 0 
Carnivora ≥ 5 262480.00 261110.00 0.69 0 0.66 0 0.35 0 
Artiodactyla 5 195590.00 193850.00 0.07 0 0.04 1 0.96 0 
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Artiodactyla 6 55532.00 54968.00 0.07 0 0.04 1 0.96 0 
Artiodactyla 7 15948.00 15883.00 0.20 0 0.10 0 0.90 0 
Artiodactyla 8 4602.50 4599.00 0.25 0 0.12 0 0.88 0 
Artiodactyla 9 1342.50 1330.00 0.27 0 0.14 0 0.86 0 
Artiodactyla 10 387.50 387.00 0.34 0 0.17 0 0.83 0 
Artiodactyla 11 118.00 114.00 0.27 0 0.13 0 0.87 0 
Artiodactyla 12 36.00 34.00 0.15 0 0.08 0 0.93 0 
Artiodactyla ≥ 13 16.00 13.00 0.11 0 0.05 0 0.95 0 












Table B.8: Comparison of DR counts between short lived and long lived mammals using 90th percentile value of lifespan 




Median DR frequency 
MWU-test  ( for 90th percentile ) 
H0: short lived = long 
lived 
H0: short lived = long 
lived 
H0: short lived = long 
lived 
Short Long 
H1: short lived ≠ long 
lived 
H1: short lived > long 
lived 
H1: short lived < long 
lived 
lived lived p h p h p h 
All 
Mammals 
5 195890.00 198420.00 0.08 0 0.96 0 0.04 1 
All 
Mammals 
6 55560.00 56559.00 0.03 1 0.98 0 0.02 1 
All 
Mammals 
7 15948.00 16444.00 0.00 1 1.00 0 0.00 1 
All 
Mammals 
8 4611.00 4831.50 0.00 1 1.00 0 0.00 1 
All 
Mammals 
9 1338.00 1445.00 0.00 1 1.00 0 0.00 1 
All 
Mammals 
10 391.00 427.00 0.00 1 1.00 0 0.00 1 
All 
Mammals 
11 117.00 129.00 0.00 1 1.00 0 0.00 1 
All 
Mammals 
12 35.00 40.00 0.04 1 0.98 0 0.02 1 
All 
Mammals 
≥ 13 15.00 16.50 0.88 0 0.56 0 0.44 0 




Artiodactyla 5 195450.00 192140.00 0.03 1 0.02 1 0.98 0 
Artiodactyla 6 55492.00 54236.00 0.03 1 0.02 1 0.98 0 
Artiodactyla 7 15941.00 15626.00 0.05 0 0.03 1 0.97 0 
Artiodactyla 8 4607.00 4487.00 0.07 0 0.03 1 0.97 0 
Artiodactyla 9 1346.00 1317.50 0.22 0 0.11 0 0.89 0 
Artiodactyla 10 387.00 396.50 0.64 0 0.32 0 0.68 0 
Artiodactyla 11 117.00 116.50 0.81 0 0.40 0 0.60 0 
Artiodactyla 12 35.00 34.50 0.42 0 0.21 0 0.79 0 
Artiodactyla ≥ 13 16.00 14.50 0.44 0 0.22 0 0.78 0 







Table B.9: Percentage reduction in DR counts between human mtDNA and 








rRNA tRNA protein full protein 
5 0.11 28.28 1.60 0.73 8.37 10.93 4.01 41.01 
6 0.11 34.13 2.13 0.97 12.07 15.46 5.60 48.42 
7 0.08 40.09 2.79 1.10 17.06 21.30 7.64 55.76 
8 0.46 45.42 3.43 2.02 21.98 27.19 9.79 62.24 
9 0.62 48.88 3.07 2.22 24.96 30.89 9.64 66.93 
10 0.07 49.00 2.19 0.08 22.99 30.06 3.07 69.45 
11 0.62 38.07 4.21 3.38 5.20 18.19 23.37 67.57 
12 4.79 26.26 8.05 13.84 19.21 3.58 63.74 63.21 
≥ 13 5.75 33.00 8.00 19.75 11.13 14.00 56.38 69.88 

















Table B.10: Statistical Comparison of DR counts between human mtDNA and 
randomized DNA sequences  
Pairwise comparisons with statistically significant differences are highlighted in red. 
DR 
size 
















5 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6 0.22 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
7 0.61 0.00 0.00 0.02 0.00 0.00 0.00 0.00 
8 0.10 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
9 0.26 0.00 0.05 0.09 0.00 0.00 0.00 0.00 
10 0.95 0.00 0.44 0.98 0.00 0.00 0.63 0.00 
11 0.82 0.00 0.46 0.52 0.70 0.18 0.13 0.00 
12 0.51 0.30 0.57 0.26 0.52 0.91 0.09 0.00 
≥ 13 0.74 0.71 0.81 0.53 0.88 0.86 0.56 0.03 


















Table B.11: Statistical Comparison of DR counts between human mtDNA and 
randomized DNA sequences 
Pairwise comparisons with statistically significant differences are highlighted in red. 
DR 
size 
















5 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
7 0.30 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
8 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
9 0.13 0.00 0.02 0.05 0.00 0.00 0.00 0.00 
10 0.52 0.00 0.22 0.49 0.00 0.00 0.32 0.00 
11 0.59 0.00 0.23 0.74 0.35 0.09 0.93 0.00 
12 0.74 0.15 0.29 0.87 0.74 0.45 0.95 0.00 
≥ 13 0.63 0.35 0.59 0.74 0.56 0.43 0.72 0.01 

















Table B.12: Correlation between DR count and ENC  
Pairwise comparisons with statistically significant differences are highlighted in red. 
DR 
length 
Diprotodontia Primates Rodentia Carnivora 
r p r p r p r p 
5 -0.84 0.00 -0.38 0.01 -0.70 0.00 -0.87 0.00 
6 -0.86 0.00 -0.42 0.00 -0.75 0.00 -0.89 0.00 
7 -0.88 0.00 -0.49 0.00 -0.77 0.00 -0.92 0.00 
8 -0.87 0.00 -0.51 0.00 -0.80 0.00 -0.91 0.00 
9 -0.84 0.00 -0.47 0.00 -0.81 0.00 -0.89 0.00 
10 -0.79 0.00 -0.36 0.01 -0.77 0.00 -0.87 0.00 
11 -0.51 0.09 -0.13 0.36 -0.73 0.00 -0.81 0.00 
12 -0.26 0.42 -0.12 0.39 -0.62 0.00 -0.65 0.00 
≥ 13 0.08 0.80 0.15 0.29 -0.52 0.02 -0.41 0.00 
≥ 5 -0.85 0.00 -0.41 0.00 -0.73 0.00 -0.88 0.00 
DR 
length 
Artiodactyla Cetacea All Mammals Aves 
r p r p r p r p 
5 -0.69 0.00 -0.68 0.00 -0.63 0.00 -0.48 0.00 
6 -0.72 0.00 -0.71 0.00 -0.65 0.00 -0.52 0.00 
7 -0.74 0.00 -0.74 0.00 -0.67 0.00 -0.54 0.00 
8 -0.76 0.00 -0.77 0.00 -0.67 0.00 -0.46 0.00 
9 -0.70 0.00 -0.75 0.00 -0.66 0.00 -0.23 0.00 
10 -0.60 0.00 -0.66 0.00 -0.60 0.00 -0.06 0.39 
11 -0.46 0.00 -0.55 0.00 -0.51 0.00 0.03 0.67 
12 -0.32 0.00 -0.45 0.01 -0.39 0.00 0.06 0.35 
≥ 13 -0.14 0.13 -0.23 0.19 -0.14 0.01 0.08 0.24 














Table B.13 Phylogenetically Independent Contrast Analysis 
Data set Dataset Sample size 
Correlation Analysis  
After correction of phylogenetic relatedness  
ρ-value p-value 
1 Diprotodontia 12 -0.87 0.0006 
2 Primates 50 -0.65 < 10 -4 
3 Rodentia 19 -0.71 0.0011 
4 Carnivora 61 -0.84 < 10-4 
5 Artiodactyla 117 -0.67 < 10-4 
6 Cetacea 35 -0.71 < 10-4 
7 Mammals 294 0.73 < 10-4 







Figure B.1. Total DR counts in random DNA sequences.  
Comparison of total DR counts in human mtDNA (red) and 9 different randomized 
sequences (blue). Randomized DNA sequences with identical dinucleotide 






Figure B.2. Extent of bias in synonymous codon usage in mammalian mtDNA 
sequences. For each mtDNA sequence, all the 13 protein coding gene sequences 
were concatenated together without the start and stop codon and used for the 
calculation of effective number of codons. Each boxplot shows the distribution of the 
calculated effective number of codons (Nc) within that dataset. Concatenated mtDNA 
protein coding sequences within mammals exhibit a moderate level of bias in 






Figure B.3: Correlation between mtDNA SCU bias and total mtDNA DR 
frequency in all taxonomic orders within mammals. There exists significant negative 
correlation between the calculated effective number of codons and the total number of 














Figure B.4. Nc-plot for individual taxonomic orders  
Relationship between the expected SCU bias due to only nucleotide mutational bias 
(Nc*; in black solid line) and the SCU bias in mtDNA sequences (Nc; in blue circles), 











Table C.1: Human Aging Deletions Dataset 
Number Left BP Right BP 
  
Number Left BP Right BP 
1 6128 15434 29 7181 14560 
2 6167 13052 30 7395 12384 
3 6324 13989 31 7398 13676 
4 6329 13993 32 7398 13677 
5 6340 14004 33 7413 14570 
6 6416 14182 34 7468 15989 
7 6423 14344 35 7539 15237 
8 6427 14100 36 7629 14813 
9 6427 15269 37 7658 15548 
10 6437 14077 38 7663 13804 
11 6453 14288 39 7682 13722 
12 6468 15585 40 7692 13983 
13 6476 14146 41 7722 14109 
14 6501 13802 42 7728 13806 
15 6521 15049 43 7769 13525 
16 6530 13831 44 7805 13844 
17 6555 14345 45 7808 14799 
18 6585 15144 46 7808 12388 
19 6759 15865 47 7815 13581 
20 6790 15918 48 7821 13760 
21 6835 14380 49 7849 13473 
22 6836 14380 50 7853 13887 
23 6862 13060 51 7856 12282 
24 6919 13564 52 7933 15604 
25 6939 15450 53 7954 13781 
26 7114 13992 54 7957 13370 
27 7125 13050 55 7986 15723 







Number Left BP Right BP 
 
Number Left BP Right BP 
57 8030 14563 
 
85 8645 15656 
58 8036 13095 
 
86 8663 15362 
59 8049 14115 
 
87 8825 15658 
60 8131 13570 
 
88 8893 15503 
61 8137 14771 
 
89 8904 14903 
62 8231 13965 
 
90 9237 13053 
63 8232 15542 
 
91 9243 14421 
64 8256 15261 
 
92 9342 13145 
65 8299 13153 
 
93 9436 15913 
66 8312 13667 
 
94 9487 13725 
67 8386 12820 
 
95 9535 15517 
68 8408 14118 
 
96 9538 15658 
69 8418 14127 
 
97 9538 15537 
70 8421 13564 
 
98 9572 13938 
71 8441 14505 
 
99 9577 13952 
72 8464 13138 
 
100 9621 15811 
73 8466 14362 
 
101 9624 15434 
74 8469 13447 
 
102 9665 15182 
75 8470 14805 
 
103 9737 14432 
76 8482 13460 
 
104 9758 13748 
77 8525 13716 
 
105 9799 15556 
78 8554 13984 
 
106 9853 15019 
79 8562 13953 
 
107 9924 15194 
80 8568 12976 
 
108 10183 13756 
81 8580 15239 
 
109 10492 14751 
82 8580 15539 
 
110 10928 15524 
83 8601 15731 
 
111 10931 15541 
84 8640 15369 
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Table C.2 Rhesus monkey deletions dataset 
Number Left BP Right BP 
 
Number Left BP Right BP 
1 5829 15710 
 
17 7474 15365 
2 6114 15538 
 
18 7534 15699 
3 6186 15806 
 
19 7576 15603 
4 6365 14489 
 
20 7595 15564 
5 6390 15657 
 
21 7990 15391 
6 6517 15233 
 
22 8114 15431 
7 6518 15242 
 
23 8260 15141 
8 6534 15750 
 
24 8542 13064 
9 6566 15750 
 
25 8816 15202 
10 6877 15588 
 
26 9064 14828 
11 7329 15184 
 
27 9081 14828 
12 7363 15350 
 
28 9090 14834 
13 7366 15381 
 
29 10089 14826 
14 7449 15264 
 
30 10133 15660 
15 7453 15315 
 
31 10172 14405 
16 7453 15263 
 
32 10209 15480 
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Table C.3: Mouse aging deletions dataset 
Number Left BP Right BP 
 
Number Left BP Right BP 
1 7202 12531 
 
34 8697 13301 
2 7609 14669 
 
35 8720 14116 
3 7612 14656 
 
36 8878 12676 
4 7664 14606 
 
37 8883 13120 
5 7665 14812 
 
38 8884 13120 
6 7669 14780 
 
39 8897 12292 
7 7672 14604 
 
40 8901 12890 
8 7691 14912 
 
41 8904 12714 
9 7695 12895 
 
42 8917 12784 
10 7702 14802 
 
43 8932 12706 
11 7702 14568 
 
44 8948 12719 
12 7708 15014 
 
45 8953 12819 
13 7723 12757 
 
46 8956 13334 
14 7731 15023 
 
47 8956 12852 
15 7734 14649 
 
48 8967 13056 
16 7734 14658 
 
49 8968 12890 
17 7736 12779 
 
50 8982 12484 
18 7740 15006 
 
51 8992 13049 
19 7751 14614 
 
52 9020 12484 
20 7759 14834 
 
53 9058 12791 
21 7759 12454 
 
54 9067 13086 
22 7819 13641 
 
55 9088 12956 
23 7860 14988 
 
56 9089 12956 
24 7992 15045 
 
57 9103 12976 
25 8001 15053 
 
58 9111 12516 
26 8010 15061 
 
59 9170 12648 
27 8020 14900 
 
60 9262 13224 
28 8039 14906 
 
61 9374 13071 
29 8118 14798 
 
62 9448 13103 
30 8166 14719 
 
63 9553 13279 
31 8283 15065 
 
64 9554 13278 
32 8295 14862 
 
65 9627 13091 
33 8497 14934 
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Table C.4: Rat aging deletions dataset 
Number Left BP Right BP 
 
Number Left BP Right BP 
1 5173 15018 
 
30 6099 14977 
2 5188 15109 
 
31 6099 14613 
3 5242 14617 
 
32 6099 13095 
4 5250 14220 
 
33 6099 13178 
5 5250 12893 
 
34 6099 13054 
6 5251 14984 
 
35 6117 13315 
7 5288 15266 
 
36 6224 14911 
8 5320 14983 
 
37 6248 14991 
9 5377 15263 
 
38 6250 14399 
10 5379 15225 
 
39 6255 13315 
11 5389 15265 
 
40 6316 14908 
12 5423 15353 
 
41 6336 13075 
13 5451 15109 
 
42 6345 15299 
14 5457 14613 
 
43 6349 14219 
15 5459 15266 
 
44 6350 14218 
16 5530 14616 
 
45 6375 13084 
17 5531 14991 
 
46 6423 14545 
18 5534 14404 
 
47 6514 13190 
19 5569 15080 
 
48 6549 13914 
20 5589 15120 
 
49 6562 13621 
21 5641 15289 
 
50 6749 13133 
22 5658 13814 
 
51 6826 13410 
23 5827 12360 
 
52 6844 15225 
24 5935 14612 
 
53 6872 13867 
25 6020 14911 
 
54 6883 14608 
26 6026 14885 
 
55 7100 14392 
27 6033 14885 
 
56 7166 14228 
28 6061 14979 
 
57 7169 14672 
29 6091 12806 
 










Number Left BP Right BP 
 
Number Left BP Right BP 
59 7170 15136 
 
87 7847 15044 
60 7247 13095 
 
88 7878 15292 
61 7268 14151 
 
89 7944 15265 
62 7382 14215 
 
90 7959 15265 
63 7398 15101 
 
91 8093 14395 
64 7399 13212 
 
92 8098 14920 
65 7454 15214 
 
93 8104 15104 
66 7489 13122 
 
94 8149 14616 
67 7493 13221 
 
95 8201 14613 
68 7525 14613 
 
96 8204 15328 
69 7527 13100 
 
97 8254 15129 
70 7552 14933 
 
98 8259 15296 
71 7594 15398 
 
99 8273 15224 
72 7599 15265 
 
100 8313 15127 
73 7644 15265 
 
101 8465 15264 
74 7650 14466 
 
102 8631 13943 
75 7652 15246 
 
103 8931 14920 
76 7653 14742 
 
104 9345 13801 
77 7654 15267 
 
105 9394 13812 
78 7664 15142 
 
106 9420 15112 
79 7682 14590 
 
107 9662 13731 
80 7686 14638 
 
108 10221 14991 
81 7689 12973 
 
109 10265 14219 
82 7734 15355 
 
110 10274 14612 
83 7739 15265 
 
111 10307 14607 
84 7768 14317 
 
112 10427 14616 
85 7810 15378 
 
113 10567 14610 
86 7837 13660 
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Table C.5: Human myopathy deletions dataset 
Number Left BP Right BP 
 
Number Left BP Right BP 
1 6003 15441 
 
29 7824 15389 
2 6023 14423 
 
30 7828 13385 
3 6024 12822 
 
31 7836 14331 
4 6085 13808 
 
32 7865 15409 
5 6123 14600 
 
33 7868 13448 
6 6226 13447 
 
34 7949 14315 
7 6238 14103 
 
35 7982 15504 
8 6324 13989 
 
36 7983 15504 
9 6325 13989 
 
37 7989 15435 
10 6330 13993 
 
38 8211 15338 
11 6342 14004 
 
39 8278 13770 
12 6342 14005 
 
40 8286 13701 
13 6381 14096 
 
41 8320 13200 
14 6383 12979 
 
42 8320 14020 
15 7128 14006 
 
43 8380 13338 
16 7194 14595 
 
44 8420 15671 
17 7407 13620 
 
45 8427 15640 
18 7409 13688 
 
46 8427 12894 
19 7439 13476 
 
47 8429 14059 
20 7449 15925 
 
48 8467 14372 
21 7450 12761 
 
49 8468 13445 
22 7507 14433 
 
50 8470 13447 
23 7508 15939 
 
51 8475 14381 
24 7540 14128 
 
52 8476 14812 
25 7547 13475 
 
53 8477 13590 
26 7669 15436 
 
54 8482 13460 
27 7669 15437 
 
55 8482 13459 
28 7677 13820 
 










Number Left BP Right BP 
 
Number Left BP Right BP 
57 8483 13460 
 
85 9813 15741 
58 8518 15421 
 
86 10005 15360 
59 8558 14425 
 
87 10050 15076 
60 8563 14595 
 
88 10064 14598 
61 8563 13758 
 
89 10064 14597 
62 8571 13236 
 
90 10080 14959 
63 8576 12984 
 
91 10155 15945 
64 8624 13885 
 
92 10169 14434 
65 8624 15662 
 
93 10170 13410 
66 8631 13580 
 
94 10208 13765 
67 8813 13304 
 
95 10371 15570 
68 8823 15854 
 
96 10588 15913 
69 8839 14905 
 
97 10625 13059 
70 8905 15525 
 
98 10934 13772 
71 8912 15011 
 
99 10951 15372 
72 9020 13364 
 
100 10953 15373 
73 9144 13808 
 
101 10961 15846 
74 9180 14280 
 
102 10962 15845 
75 9361 13868 
 
103 10970 14118 
76 9438 12941 
 
104 11033 15157 
77 9483 13723 
 
105 11035 15183 
78 9485 13723 
 
106 11036 15028 
79 9486 13722 
 
107 11262 15375 
80 9497 13735 
 
108 11368 15785 
81 9516 15635 
 
109 11668 15916 
82 9570 14619 
 
110 11680 14956 
83 9613 14093 
 
111 11680 14258 
84 9619 15835 
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Table C.6: Human PS deletions dataset 
Number Left BP 
Right 
BP  
Number Left BP 
Right 
BP 
1 7777 13794 
 
16 10048 13407 
2 7778 13794 
 
17 10059 13379 
3 7934 15968 
 
18 10158 15405 
4 7949 13994 
 
19 10190 13753 
5 8304 15055 
 
20 10368 12828 
6 8438 14067 
 
21 10371 14607 
7 8469 13447 
 
22 10373 15438 
8 8470 13447 
 
23 10559 15548 
9 8482 13460 
 
24 10665 14856 
10 8515 12120 
 
25 10676 14868 
11 8583 15958 
 
26 10942 15362 
12 9238 15575 
 
27 11034 14595 
13 9337 12974 
 
28 11036 15439 
14 9995 15897 
 
29 11068 15571 
15 10005 15360 
 
30 11232 13980 
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Table C.7: Human POLG deletions dataset 
Number Left BP Right BP 
 
Number Left BP Right BP 
1 7217 16070 
 
37 7489 13981 
2 7233 16070 
 
38 7560 15379 
3 7261 16067 
 
39 7637 15915 
4 7262 16072 
 
40 7660 16070 
5 7287 14941 
 
41 7690 14049 
6 7287 15899 
 
42 7703 15943 
7 7321 15238 
 
43 7718 16052 
8 7322 15055 
 
44 7753 16070 
9 7322 15434 
 
45 7791 14180 
10 7325 14527 
 
46 7792 16070 
11 7327 15942 
 
47 7794 16070 
12 7334 14928 
 
48 7808 16072 
13 7336 14596 
 
49 7808 16069 
14 7346 14244 
 
50 7813 16075 
15 7351 16070 
 
51 7813 16070 
16 7365 16070 
 
52 7815 16070 
17 7365 14059 
 
53 7815 16066 
18 7367 16070 
 
54 7816 16074 
19 7370 15956 
 
55 7816 16075 
20 7396 15366 
 
56 7816 16070 
21 7396 15380 
 
57 7817 16074 
22 7397 14287 
 
58 7817 16070 
23 7398 16070 
 
59 7817 16076 
24 7399 16070 
 
60 7817 16020 
25 7399 15125 
 
61 7818 16072 
26 7400 16070 
 
62 7818 16070 
27 7400 16075 
 
63 7819 16070 
28 7400 14554 
 
64 7868 16068 
29 7401 16070 
 
65 7918 16069 
30 7401 16075 
 
66 7918 16071 
31 7401 16077 
 
67 7961 16029 
32 7427 14893 
 
68 8030 16070 
33 7447 15375 
 
69 8031 16070 
34 7461 16070 
 
70 8074 15909 
35 7464 14280 
 
71 8293 16073 
36 7467 16070 
 
72 8392 16070 
Reference manuscript for table C.7 
 [1]. Wanrooij S, et al. (2004) Twinkle and POLG defects enhance age-dependent 




Table C.8: Mouse DSB deletions dataset 
Number Left BP Right BP 
 
Number Left BP Right BP 
1 5445 15162 
 
17 8384 15444 
2 5445 15384 
 
18 8390 14748 
3 5567 15441 
 
19 8401 15399 
4 5597 15446 
 
20 8404 12245 
5 5704 15133 
 
21 8404 15443 
6 5738 15422 
 
22 8404 15134 
7 5940 15442 
 
23 8411 15206 
8 6011 15444 
 
24 8417 15440 
9 6136 14133 
 
25 8419 15423 
10 6142 15424 
 
26 8420 12243 
11 6199 15441 
 
27 8420 15453 
12 8321 15394 
 
28 8420 15433 
13 8346 15405 
 
29 8420 15368 
14 8346 15393 
 
30 8420 15435 
15 8346 15435 
 
31 8420 15439 
16 8373 15425 
 
32 8425 12244 
 
Reference manuscripts for table C.8 
 [1]. Fukui H & Moraes CT (2009) Mechanisms of formation and accumulation of 
mitochondrial DNA deletions in aging neurons. Hum. Mol. Genet. 18(6):1028-1036. 
[2]. Srivastava S & Moraes CT (2005) Double-strand breaks of mouse muscle 
mtDNA promote large deletions similar to multiple mtDNA deletions in humans. 
Hum. Mol. Genet. 14(7):893-902. 
 
 
